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Abstract 
D unlop Aerospace Braking Systems Plc. (DABS) is an international leading 
aircraft wheel and brake manufacturer. DABS had two wheel units, which 
were causing qualification problems in terms of fatigue cracking. 
Loughborough University (LU) proposed a novel robust non-contact, and non-destructive 
optical Shearographic Sensor System (SSS) for measuring and studying aircraft wheel 
deformation and behaviour when subjected to large static structural loading, with the aim 
to: 
9 Develop a novel robust optical sensor system for routine industrial use. 
Demonstrate the novel and routine implementation for large scale structural 
loading/testing. 
Identify high deformation concentration areas on aircraft wheel structures. 
* Provide routine quantitative data to DABS. 
Develop the novel understanding of error propagation, resolution and repeatability 
of the interferometer design. 
A series of laboratory experiments were conducted to demonstrate the functionality, 
repeatability, and reliability of the instrument to produce valid deformation data in a 
controlled environment in the optical metrology laboratory at LU. The SSS produced 
valid high quality deformation data using a Square Clamped Plate (SCP). The data was 
calibrated and correlated using a Linear Variable Differential Transducer (LVDT) system. 
The repeatability and reliability tests showed a high repeatability range of the SSS in the 
controlled environment of (5.95xlO-8m) in the case of 10mm Horizontal lateral shear 
with Collimated laser illumination (IOHC) and (1.22xlO-'m) in the case of 10mm 
Vertical lateral shear with Collimated laser illumination (I OVC). 
This accelerated the transfer of the SSS into the industrial environment at DABS, where 
heavy testing machineries operate routinely, which generated additional error and 
variation sources to the data produced by the SSS. A series of deflation/ inflation 
pressure and static structural load tests were completed on Boeing757 and BAe 146 wheel. 
The results showed that the data quality was sufficiently good to allow DABS to validate 
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the FE model of the wheel, in spite of the surrounding uncontrolled and disturbing 
environment. Further repeatability and reliability tests were completed on the BAel46 
wheel. This was to identify and discuss the engineering reality of the repeatability, 
reproducibility, and accuracy of the SSS, The results showed that the SSS achieved a 
better repeatability range in the laboratory in comparison to the industrial workplace at 
DABS, whichwas (1.60xlO-'m) and (1.08xlO-'m) forthe same shearing directions. 
As a result, DABS was provided with large amount of numerical data from the Boeing757 
and the BAe142 wheels, in partial derivative and displacement format, ready for FE 
model validation. Commercial exploitation of the SSS into other industrial sectors and for 
various applications was completed via Laser Optical Engineering Ltd. 
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LI : Laser beam expansion lens 
L2 : Laser beam collimated lens 
Ml : Tilted mirror adjacent to the Michelson cube 
M2 : Mirror mounted on PZT 
M3 : Reflecting mirror 
M4 : Reflecting mirror 
M5 : Sliding and directional mirror 
7E : 3.14 
V 
%: The wavelength of the laser used. 
Iq : Illumination angle 
0 The speckle phase 
8x Lateral shear distance in the X axis direction 
5y Lateral shear distance in the Y axis direction 
5a The tilting angle of MI mirror 
ýLtn micrometre or micron 
KN Kilo Newton 
KPa Kilo Pascal 
N Newton 
MPa Mega Pascal 
mm : Millimetre 
ms : Millisecond 
n: Integer number 
ns : Nanosecond 
psi : Unit of measure of pressure pounds per square inch 
P: Angle between the two parts of the aircraft's wheel 
A: The optical phase change 
: The optical phase ten-n 
: The optical phase term change 
(D : Illumination beam diameter 
BS : Beam Splitter 
CCD TV : Charge Coupled Device Television 
vi 
CFRP : Carbon Fibre Reinforced Plastics 
DABS : Dunlop Aerospace Braking Systems Plc. 
DM : Denison Machine 
DTI : Department of Trade and Industry (UK) 
EPSRC : The Engineering and Physical Science Research Council 
Eq. : Equation 
EB : Errors Bars 
ESPI : Electronic Speckle Pattern Interferometry 
ESPSI : Electronic Speckle Pattern Shearing Intirferometry 
FAA : Federal Aviation Administration (USA) 
FE : Finite Element 
FEA : Finite Element Analysis 
FEM : Finite Element Modelling 
FRTM : Fatigue Rolling Testing Machine 
GFRP : Glass Fibre Reinforced Plastics 
Hz : Hertz 
HEB : Horizontal Error Bars 
IP : In-Plane 
LOE : Laser Optical Engineering Ltd. 
LVDT : Linear Variable Differential Transducer 
LU : Loughborough University 
MAM : Modal Analysis Models 
MDF : Medium Density Fibreboard 
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MTF : Modulation Transfer Function 
NDE : Non-Destructive Evaluation 
NDT : Non-Destructive Testing 
OOP : Out-Of-Plane 
PC : Personal Computer 
PSSS : Pulsed Shearographic Sensor System 
PZT : Piezo-electric Transducer 
S: Slideway 
SCP : Square Clamped Plate 
SD : Standard Deviation 
SSS : Shearographic Sensor System 
TMCII : Thermal/Microwave Coupled Infrared Imaging 
VEB : Vertical Error Bars 
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CHAPTER 1, 
1 Introduction and Context to the Research 
1.1 Introduction 
T he manufacture of aircraft wheels requires quality control procedures and 
mechanisms to identify potentially defective units, during manufacturing and 
testing stages, and operational service life. Defects can be formed due to 
random or systematic errors within the manufacturing process and result in fatigue 
fractures within the wheel structure. Use of such defective wheel and tyre units by an 
aircraft operator lead to growth of defects, which in turn can generate sudden unexpected 
catastrophic failure during flight landing operations. 
All wheels units are 100% defect tested before customer delivery. Qualification and 
approval of all wheel units is mandatory under UK Civil Aviation Authority (UKCAA) 
and Federal Aviation Authority (FAA, USA) regulations [1-3], as well as aircraft 
manufacturer standards. The regulatory authorities and manufacturers are requesting 
improvement and traceability of analysis methods, during manufacture and during routine 
in service maintenance checks. 
Dunlop Aerospace Braking Systems Plc. (DABS) is an international leading commercial 
and military aircraft wheel and brake manufacturer, based in Coventry, UK. The 
company conducts a wide range of tests to optimize the overall performance of the wheel 
designs, to meet the stringent requirements established by airframe manufacturers and 
regulatory agencies. 
DABS had two wheel units, which were causing qualification problems in terms of 
fatigue cracking. This was identified via the company's Test House facilities by applying 
condensed 10,000 miles roll testing to each new design (equivalent of 50,000 miles 
normal service loading). One of the main wheels demonstrated severe fatigue failure after 
1000 miles roll testing, which is only 10% of the normal service life (50,000 miles), 
behaviour, which was unacceptable to DABS and its customers. Rectification of just this 
one issue would allow the company to exploit a market with existing and new customers 
to a potential initial value of El 3.6m (year 2000). 
DABS manufactures approximately 9% (LI04m) of the annual international new aircraft 
wheel market and supplies after sales consurnables to this market. The company currently 
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uses TEKSCAN technology, strain gauges and visual examination techniques for 
assessment of all wheel units, but recognized the need to improve fault detection and 
respond to the UKCAA, FAA and aircraft manufacturers demands. Examination of 
current vendors of suitable equipment identified that existing commercial instrumentation 
did not address these issues and could not significantly improve upon the facilities at 
DABS. 
Loughborough University (LU) demonstrated at laboratory scale new Shearographic 
Sensor System (SSS) concepts, which could address the issues raised by DABS and their 
customers, as well as more general applicability to other defect characterisation issues. 
DABS and LU completed initial proof of principle experiments, to demonstrate the 
potential for the development of improved Shearography based wheel and tyre analysis. 
1.2 Existing Wheel Analysis 
Analysis of wheel loading conditions and subsequent strain/deformation profiles is 
currently dealt with using TEKSCAN technology and strain gauges. These are described 
further in the following sections. 
1.2.1 TEMCAN Technology 
TEKSCAN technology [4] is a pressure measurement system used to measure the 
pressure between two surfaces in many applications. Each application has a distinct set of 
requirements that are well matched to TEKSCAN's core technical capabilities. The 
technology works by developing a matrix-based pressure sensing system, and more 
recently, single load cell configurations. 
1.2.1.1 Sensor TechnoIogy 
At the heart of every TEKSCAN Pressure Measurement System is thin (-O. Imm), 
flexible tactile force sensor. Sensors come in both grid-based and single load cell 
configurations, and are available in a wide range of shapes, sizes and spatial resolutions 
(sensor spacing). These sensors are capable of measuring pressures ranging from 0- 1 5kPa 
to 0-175MPa. Each application requires an optimal match between the dimensional 
characteristics of the object(s) to be tested and the spatial resolution and pressure range 
provided by TEKSCAN's sensor technology [4]. Figure 1 shows a picture of the 
TEKSCAN types and the associated hardware and software. 
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Figure 1: TEKSCAN sensor, software and hardware [4) 
The standard sensor consists of two thin, flexible polyester sheets which have electrically 
conductive electrodes deposited in varying patterns as shown in the simplified example in 
Figure 2. The inside surface of one sheet forms a row pattern while the inner surface of 
the other employs a column pattern. The spacing between the rows and columns varies 
according to sensor application and can be as small as -0.5mm. 
Figure 2: Diagram shows TEKSCAN sensor parts [41 
In use, the sensor is installed between two mating surfaces. TEKSCAN's matrix-based 
systems provide an array of force sensitive cells that enable the measurement of pressure 
distribution between the two surfaces. 
4 
DABS are using this technology to measure the applied pressure or force between the 
wheel and the tyre, by applying a radial vertical load on the wheel using a Denison 
Machine (DM) in the Test House facilities. The technology is capable of measuring the 
pressure or the force between two surfaces only and in certain areas; this is not possible 
on the wheel structure where it is needed to measure the displacement or the strain in any 
wanted area. This limits the use of the TEKSCAN sensor to areas between the wheel and 
the tyre only, and consequently does not solve DABS problem of measuring the 
displacement or strain field caused by applying the load, which is required in this case. 
Figure 3 shows the TEKSCAN sensor bonded to the wheel rim to measure the pressure 
between the wheel and the tyre. 
Figure 3: TEKSCAN positioned between the wheel and the tyre of the aurraft wheel at DABS 
1.2.2 Strain Gauge Technology 
1.2.2.1 introduction 
The strain gauge is a technology based on the fact that the resistance of a conductor 
changes when the conductor is subjected to strain [5]. Figure 4 shows a resistance wire in 
its original state, and after subjected to a strain. The stretched wire has higher resistance, 
as it is longer and thinner. 
5 
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Figure 4: Resistance Wire 
AL 
Figure 5 shows the strain gauges bonded to an area around the wheel nut on aircraft 
wheel, in order to measure the strain value in that region. 
Figure 5: Strain gauges bonded to the aircraft wheel 
1.2.2.2 Strain Gauge Advantages and Limitations 
Construction of electrical resistance strain gauges involves bringing together the optimum 
combination of electrical resistance material and backing plate. Strain gauges have the 
following advantages [6]: 
Small size and mass, and cheap. 
Good stability, repeatability and linearity over large strain range. 
Good sensitivity. 
Freedom from (or ability to compensate for) temperature effects and other 
environmental conditions. 
Suitability for static and dynamic measurements and remote recording 
6 
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They also have limitations, which makes the using of them limited in certain cases [6]: 
" Takes a lot of time to fit and bond them to the object. 
" Requires highly skilled operators for fitting. 
" Covers small areas of the tested object. 
" It is a contact method, so the measured object can not be used again because of 
potential damage. 
" Generally more suitable for static load cases than dynamic load cases. 
Current defect analysis relies on the setting of up to 40 strain gauge units in areas of 
potential fatigue failure, although defects sites are identified on a historical basis with 
respect to previous wheel designs and failures. Identification of current and new wheel 
failure sites is paramount, but cannot be currently achieved with existing commercial 
instrumentation, during static or dynamic roll tests. 
DABS requires non-contact, non-destructive deformation and defect sensing 
instrumentation, to identify defect sites as they are initiating and propagating during the 
10,000 miles roll tests. The required sensor system needs to be applied to other structures 
and scenarios, which involve the quantification of displacement, stress, strain, and defect 
detection. This represents a very challenging set of measurements conditions that have 
not been addressed in commercially available equipment at this point in time. LU was 
identified as a source of expertise in optical engineering and metrology, which could 
provide appropriate instrumentation and sensor system solutions. 
1.3 The Proposed Solution 
The proposed solution is a non-destructive, non contact optical sensor system to measure 
the displacement derivative of the wheel structure. The generic technique is known as 
Laser Shearography or Electronic Speckle Pattern Shearing Interferometry (ESPSI), and 
is one of number related optical metrology techniques. It should be mentioned that the 
acronym ESPSI will be used throughout this thesis to refer to the technique used. 
The technique senses Out-Of-Plane (OOP) and In-Plane (IP) surface deformations in the 
form of partial displacement derivatives in response to an applied load. Data is typically 
presented in the form of a correlation fringe pattern produced by comparing two states of 
7 
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the test sample, one before and the other after a load is applied. ESPSI incorporates a 
CCD TV camera and frame grabber for image acquisition at video frame rates. Fringe 
pattern is typically produced by real time digital subtraction of the deformed object image 
from the reference object image. 
As a result, ESPSI can potentially be implemented without the need for sophisticated 
vibration isolation that is required for other techniques such as conventional holography 
or Electronic Speckle Pattern Interferometry (ESPI). The capability of ESPSI to inspect 
large areas (in comparison to strain gauges) in real time has significant advantages for 
many industrial applications including inspection of composite structures and pressure 
vessels. 
To address the requirement to stress the test structure, various techniques are used, where 
the most effective are thermal and surface vacuum techniques [7,8]. Thermal 
shearography is used to inspect near skin-to-core bondline, ramp areas and solid graphite 
laminates [9,10], whereas, vacuum stress shearography is used to examine both near and 
far side bond lines in the honeycomb areas [11,12]. Thermal stress shearography has 
been shown to be capable of inspecting large areas of composite and honeycomb 
materials at a rate of 60-ftý /hour [ 13]. 
ESPSI has been validated as a fast and reliable qualitative testing technique for materials 
in different industries. Following several years of evaluation of the technique to show the 
principal applicability and prove the required sensitivity, production lines for aerospace 
components are now being equipped with automatic shearography testing systems. 
Currently the tyre industry is routinely using shearography for evaluating automotive and 
aerospace tyres and the aerospace industry has adopted the technique for Non-Destructive 
Testing (NDT) of composite structures [14]. Many other industrial applications of 
shearography are presently underway. These include material evaluation (15], 
measurement of strains [16], residual stresses [17]; 31) shape measurements [18], fluid 
temperature, as well as vibration analysis [19-21]. 
1.4 Research Aims and Objectives 
The research reported in this thesis has been successfully completed under the auspices of 
the DTI/LINK Sensor and Sensor System Instrumentation (S31) program, in partnership 
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with the Engineering and Physical Science Research Council (EPSRC). This work was 
supported by DABS and Laser Optical Engineering Ltd. (LOE). 
The primary objectives of this research project were to: 
" Develop a novel, robust, non-contact optical sensor system, based on whole field 
ESPSI technique, for routine use in an industrial environment. 
" Implement new interferometer design ideas, as detailed in recent research 
literature. 
" Demonstrate the novel and routine implementation for large scale structural 
loading/ testing. 
" Identify high deformation concentration areas on wheel structures, in order to 
discover weak design areas. 
Provide routine quantitative data to the company to allow them to optimise wheel 
design; increase safety, reduce wheel mass, leading to increased aircraft fuel 
efficiency, and reduced failure rates. 
Develop the novel understanding of error propagation, resolution and repeatability 
of the ESPSI technique. 
Complete technology transfer of equipment and knowledge directly to the 
company. 
1.5 Thesis Structure 
This research thesis proposes a robust, novel, non-contact and non-destructive optical SSS 
for measuring displacement derivative. The SSS has been used routinely in an industrial 
environment to provide quantitative data to DABS as part of optimising their wheel 
designs, reduce failure rate, and consequently increase flight safety. To cover this; the 
thesis is comprised of nine chapters, which report the work carried out during the period 
of this study. 
Chapter I is an introduction and provides the context to the research project, which 
includes identification of the research problem and the need for a robust and novel 
solution in order to meet the regulations of the UKCAA and the FAA (USA). The 
chapter discusses the current methods and techniques used to measure displacement 
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derivative, stress/strain components, and it proposes the SSS, based on the ESPSI 
technique, as a unique and robust solution to measure wheel displacement derivative. This 
chapter identifies the advantages of the technique and in addition to the aims and 
objectives. 
Chapter 2 is a literature review of the ESPSI technique; this includes a comprehensive 
review of the principle, history, theory, development, and applications of the technique 
from the date it was invented until the present date. This provides a context and overview 
for the work that has been carried out in the following chapters of this thesis. Chapter 3 is 
an introduction to the proposed SSS and its applications, discussing the design and 
manufacturing process, principle of operation, features, setting up, and description of the 
data post processing stages, in addition to the utilisation of the data obtained for FE object 
model validation and consequently design optimisations and improvements. 
Chapter 4 demonstrates the functionality of the SSS of producing valid data within a 
controlled environment in the optical metrology laboratory at LU, which facilitated its use 
in the industrial environment at DABS. Basic experiments on a Square Clamped Plate 
(SCP) are conducted to illustrate the processing stages for the data produced, which is 
then followed by a series of repeatability tests to draw a statement of repeatability for the 
SSS within the laboratory. This is supported by measurement data using the LVDT 
system to calibrate and validate the SSS measurements. 
Chapter 5 demonstrates the functionality of the SSS in wheel testing industrial 
environment subject, to various changing parameters, and production of valid 
displacement derivative data from aircraft wheels in order to help optimise wheel design. 
The chapter concentrates on static structural loading tests carried on the Fatigue Rolling 
Test Machine (FRTM) at DABS, using inflation/deflation pressure, and investigates the 
repeatability of the SSS in the industrial environment, using results from the LVDT 
system for SSS measurements validation and calibration. 
Chapter 6 highlights the capability of the SSS to measure wholefield wheel displacement 
derivative on the BAe146 wheel, whilst under large structural load using the DM at 
DABS. It provides further evidence concerning the quality and strictures of the optical 
technique, and use when considering the complex issues of technique certification for 
aerospace structural analysis, and training issues for operatives. The chapter identifies as 
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well the repeatability/reproducibility issues of the SSS. This is achieved through an 
extensive series of repetitive loading experiments and a validation route for the SSS data 
by applying and presenting LVDT data from the wheel experiments. 
Chapter 7 identifies and discusses the engineering reality of the repeatability, 
reproducibility, and accuracy of the SSS, both in the controlled environment of the optical 
metrology laboratory at LU, and for comparison within the non-controlled environment of 
industrial test facilities at DABS using the BAel46 wheel. The work considers the SSS 
as a complete instrument, where every effort is made to consider and include instrument 
design features, which acknowledge the existing body of knowledge concerning error 
sources. 
Chapter 8 identifies a conclusion and future work, surnmarising the main findings of the 
research and the successful applications of the SSS in the laboratory and in the industrial 
workplace environments through a series of repeatability experimentations. The 
conclusions assure the aims and objective set up in Chapter I have been met during the 
work in this thesis. 
The research findings form a solid foundation for future work by further experiments 
optimisation, implementation, exploitation of the Pulsed SSS to improve data quality, and 
proposal of a new SSS design to measure the pure IF (strain) component. The chapter 
finishes with a list of dissemination via journal and conference papers. 
Chapter 9 is a references list of all the sources, which were used to support this research 
work. 
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2 Laser Speckle Interferometry 
2.1 Introduction 
T he purpose of this chapter is to review the literature of Electronic Speckle 
Shearing Interferometry (ESPSI) and to provide a context and overview for the 
work that has been carried out in the following chapters of this thesis. ESPS1 
is the technique, which will be employed during this research study to carry out the 
experimental work of this thesis. The chapter comprises of six main sections, which 
provide a comprehensive review about the principle, history, theory, development, and 
applications of the technique from the date it was invented until the present date. 
The review will first discuss the laser speckle phenomena, which forms the basis for the 
ESPSI technique, giving a brief description of the phenomena and its development history 
in Section (2.2 and 2.3). Section (2.4) identifies two major metrological applications of 
laser speckle phenomena; these are identified as Electronic Speckle Pattern 
Interferometry (ESPI) and ESPSI. Section (2.4.1) provides an overview of the ESPI 
technique highlighting its principle, history and development and, applications, and 
finally advantages and disadvantages over the second technique of ESPSI which is 
discussed in Section (2.5). 
Section (2.5) discusses in detail the Michelson based ESPSI technique, as mentioned 
earlier this is the technique which will be employed during the experimental work in the 
following chapters. The section introduces the technique, and its potential applications. 
However the principle and the theory of the technique are reviewed and discussed in 
Section (2.5.2). The major developments in the history of ESPSI and its applications are 
discussed in Section (2.5.3), which reviews as well the various applications of ESPSI, 
including NDT, shape measurement, In Plane (IP) and Out Of Plane (OOP) displacement 
derivative measurement, in addition to other applications discussed. 
Transferring ESPSI from a laboratory based environment into noisy industrial one is a 
major development in the history of ESPSI. Section (2.5.4) discusses this development 
and highlights the major applications of this technique in industry and specifically in 
aerospace where it is discussed in more details in Section (2.5.5). 
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Finally, the conclusions for this chapter, which are identified in Section (2.6), summarize 
the major issues discussed within this chapter and establishing the way to the subsequent 
chapters. 
2.2 Laser Speckle Phenomena 
When an object surface is illuminated with laser light, an image of the object surface has 
a granular appearance. It appears to be covered with fine, randomly distributed light and 
dark "speckles". If the object moves, the speckles appear to "twinkle" and move relative 
to the object. This phenomenon of speckle is inherent when using highly coherent light 
typical of a laser. At an observation point in space the complex amplitudes, which scatter 
toward the point from all illuminated points from the object, interferometrically 
superimpose to form the intensity and the phase at that point. Such a resulting interference 
pattern in space is called a speckle pattern [18]. An observer who looks at the object's 
surface perceives the subjective speckle effect because the human eye has an aperture and 
lens optics. An example of these phenomena can be seen in Figure 6, which shows part of 
an aircraft wheel illuminated using a green laser. The granular appearance is the laser 
speckle pattern. 
Figure 6: The granular speckled appearance for the subjective laser speckle pattern 
of a green laser illununating pall of an aircraft wheel 
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Gabor divided speckle patterns into two categories: objective and subjective speckle [22]. 
Laser speckles existing in free space are known as objective speckle as shown in Figure 7. 
When an imaging system is used to observe speckle, the result is subjective speckle, with 
the speckle size and shape depending on the viewing system aperture. Subjective speckle 
patterns are formed by the interference effect from the light scattered from the object into 
the image plane as shown in Figure 8. Each point of the image plane registers only light 
that is reflected by a small part of the object surface. Therefore, they depend on the 
scattered light collected by the image aperture, and the speckle size is determined by the 
spatial frequencies passed through the lens system [23]. 
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2.3 Laser Spedde History 
The earliest observation of the speckle phenomena appears to have been by Exner [24], 
nearly a century ago, in connection with a study of the Fraunhofer rings formed when a 
beam of coherent light is diffracted by a number of particles of the same size distributed 
at random. With sufficiently high magnification using white light, the central aureole was 
found to exhibit a fibrous, radial structure while with a red filter this was replaced by a 
fine granular structure [ 18]. 
One of the first applications of speckle patterns was described by Roman [25]. This was 
an extremely simple demonstration of Brownian movement, without a microscope, based 
on the fact that movements of the diffracting particles, if sufficiently small and slow, 
would result in changes in the appearance of the pattern, which could be followed 
visually. A pinhole illuminated by a mercury arc lamp viewed through a thin film of milk 
adhering to a vertical glass plate, in Roman's words, "exhibits an extendedfield ofdiffuse 
illumination surrounding it.. [With] ... a structure which 
is not static, but continually 
changing". These changes become less rapid and ultimately stop when the film is dry. 
Following the development of the laser, the occurrence of speckle was rediscovered and 
numerous papers describing its various properties were published. The phenomena of 
laser speckle was reported in 1962 by Rigden and Gordon of the Bell Laboratories [261 ; 
they noticed that its granularity was an interference effect where the speckle size and 
shape depended on the size and shape of the viewing aperture. At approximately the same 
time, Leith and Upatnieks [27] developed the first off axis hologram, which considerably 
improved reconstructed holographic images. It was then realized that holography could be 
a powerful instrument for studying vibration and displacement of objects [28]. This 
subdivision of holography, called holographic interferometry, has been a common 
application of holography. 
In the 1970s speckle techniques evolved when speckle patterns were compared in order to 
obtain information about an object's displacement and vibration state [29-32]. Speckle 
techniques were found to be useful metrological instruments, offering advantages and 
disadvantages over holographic interferometry [33-36]. Speckle interferometry produces 
less satisfactory results, owing to noisy data. When electronic processing was applied to 
speckle interferometry, it enabled real time generation of whole field speckle 
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interferograms for observing an object's displacement [37-39]. ESPI gave the speckle 
techniques advantages over holographic interferometry. All of the test techniques 
originally developed for holographic interferometry [40] were of practical use to ESPI, 
producing similar information in real time with no need for generating a hologram [41]. 
2.4 Laser Speckle Applications 
In the earlyl 970s, Leendertz and Butters first put the statement, " if we can not get rid of 
speckle, why don't we use it? " [18]. This statement has now assumed considerable 
significance and played an important role for developing the speckle measuring 
techniques into the subject of optical metrology. 
The most important wholefield laser speckle measuring methods are: 
" Electronic Speckle Pattern Interferometry (this is to be discussed in Section 2.4.1). 
" Electronic Speckle Pattern Shearing Interferometry (this is to be discussed in 
details in Section 2.5). 
2.4.1 Electronic Speckle Pattern Interferometry (ESPI) 
Electronic Speckle Pattern Interferometry (ESPI) is a non-contact full field measurement 
technique, which measures the displacement under mechanical and/or thermal loads. The 
computing revolution has benefited ESPI to enable real time observation of data using PC 
based image processing hardware in addition to the software. Optical phase manipulating 
algorithms [42] have allowed more detailed quantitative information to be achieved. This 
makes ESPI useful for many applications such displacement/strain measurement, 
vibration analysis validation of Finite Element Analysis (FEA) and Modal Analysis 
Models. 
2.4.1.1 Principle of ESPI 
The ESPI technique works by illuminating the object surface typically using a diverging 
laser beam in a full-field manner. The reflected-scattered light is collected with a lens and 
imaged onto the image plane of a CCD TV camera. In addition, a divergent reference 
beam (diverging lens L2, Figure 9), originating from the same laser light source is 
superimposed via a beam splitter (BS2) on the camera. This setup is commonly called the 
OOP setup due to its measurement sensitivity being perpendicular to the object surface. 
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Both wavefronts scattered back from the object and the reference beam, interfere and 
form a speckle pattern, which can be detected using a CCD TV camera. For later 
processing, this speckle pattern of the non-deformed object is digitized and stored [41]. 
After deformation of the object surface, the wavefront scattering from the object is 
slightly deformed, whereas the wavefront of the reference bearn remains constant. The 
new resulting speckle pattern on the image plane is digitized and stored. A subtraction of 
the two stored images results in a subtraction correlation fringe pattern, which reveals the 
displacement of the object surface between the original and deformed state. However, this 
setup is simple and only qualitative results can be obtained. If quantitative results are 
required, then the optical phase manipulation techniques need to be introduced and further 
processing for the resulted data should be applied [431. 
Figure 9: Optical setup for OOP ESPI configuration [4 1 ]. 
ESPI was originally reported in 1970 by Leendertz and Butters [30], and Macovski [37] 
to determine the full displacement field at any surface or point of a diff-use reflecting 
object. A year later they demonstrated that if two speckle patterns are superimposed, the 
intensity distribution in the resultant pattern would depend on the relative phase of the 
component pattern and hence an observed speckle pattern [30,44]. The speckle pattern 
varies cyclically and importantly in proportion to the surface displacement, if a second 
laser beam (which is employed as a reference beam) is allowed to interfere coherently 
with the scattered light. Two basic but different optical designs are used in ESPI, the 
OOP and IP configurations providing direct yet discrete measurement of surface 
displacements. The potential use of ESPI in industry was discussed by Jones and Wykes 
[41]. 
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The powerful capabilities of ESPI allowed researchers to introduce it for NDT 
applications for instance in order to detect delaminations, disbonds, and voids within 
materials structure. Butters [45] conducted ESPI inspections using prototype rigs with 
loading mechanisms for the test object. The loading mechanisms included vibration 
excitation, thermal gradient, pressure loading and mechanical compression. This led to 
other researchers [46] applying ESPI to the aerospace industry to inspect the honeycomb 
composite structure of the aircraft. Obtaining quantitative data from ESPI was in the 
mind of Stetson and Creath [43,47] when they introduced phase stepping techniques. 
However applications of ESPI are not limited within the mentioned categories, with 
researchers have used it in different applications such as vibration analysis and shape 
measurement [ 18,42,48,49]. ESPI is very sensitive to environmental interruption and to 
rigid body movement, which makes it often difficult for industrial use. 
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2.5 Electronic Speckle Pattern Shearing Interferometry 
2.5.1 Introduction 
Electronic Speckle Pattern Shearing Interferometry (ESPSI) is a technique that uses laser 
speckle as the carrier of deformation or displacement derivative information for a tested 
object's surface, records the speckle interference field by a CCD TV camera, and then 
compares and processes the information by electronic methods and displays the 
interference fringe pattern on a PC monitor ( 181. 
The technique is similar to ESPI, and allows full-field observation and measurement of 
surface displacement derivatives instead of displacement as in ESPI, and hence can 
potentially obtain strain information either indirectly or even potentially directly. It 
reveals flaws in materials by looking for flaw-induced strain anomalies. This non- 
contacting method, yields full field information and does not require the installation of 
strain gauges. In comparison to ESPI, it is also relatively insensitive to environmental 
interruptions due to the optical design. It has been proven to be a practical measuring tool 
for NDT and is gaining increasingly more applications in industry for NDT to reveal 
flaws in mechanical components, electrical devices, civil engineering structures [50-54] 
as well as strain measurement, and vibration analysis. 
Conventional methods of experimental stress analysis can often require the laborious task 
of mounting a large number of strain gauges, or the position of a contoured photoelastic 
coating, or the application of a brittle coating upon the surface of the material structure. 
ESPSI acquires surface strain information without the limitations associated with the 
conventional methods. 
A major limitation of speckle interferometry techniques including ESPSI is that the 
occurrence of rigid body motion produces a decorrelation of speckle patterns which 
results in the deterioration of fringe visibility. Hung et al (55] demonstrated that ESPSI 
can tolerate much greater rigid body translation than speckle size as predicted by the 
conventional speckle decorrelation theory [29,49]. Excessive rigid body translation in 
ESPSI can be compensated by either translating the sensor/camera or digitally shifting 
one of the speckle patterns. 
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2.5.2 ESPSI Theory 
The development of the shearing interferometer in the 1970's [ 18,48,56] provided one of 
several alternative methods of measuring surface deformation, which uses a 'common- 
path' optical arrangement, providing reasonable immunity to envirom-nental disturbances 
such as room vibrations and thermal air currents. 
ESPSI, or more commonly phrased as 'shearography' was developed during the early 
1970's by a number of researchers [57,58]. Initially based on the Michelson optical 
design, later examples demonstrated through the 1980's and early 1990's, used a variety of 
different optical mechanisms to achieve the interferometric result [ 18,49]. 
ESPSI uses a coherent laser light source. The sample under test is illuminated using the 
laser and imaged onto a CCD TV camera via a special optical shearing element. The 
shearing element allows a coherent superposition of two laterally displaced images of the 
surface of the sample in the image plane. The lateral displacement is called the shear of 
the image. The superposition of the two images is called the shearogram, which is an 
interferograrn of an object wave with the sheared object wave as a reference wave. Two 
such images are recorded for different loading conditions of the sample. The loading 
should induce some deformation or alter the deformation state of the surface of the object. 
Typical loadings are thermal, pressure or mechanical and could be applied in a static or 
dynamic manner. 
Speckle shearing interferometers can be divided into groups, depending upon the optical 
method by which the spatial derivative data is produced. The Michelson shearing 
interferometer shown in Figure 10 is one of several designs which use optical elements to 
split an incoming laser wavefront into two components, subsequently imaging them onto 
the image plane of CCD TV camera via mirror MI and mirror M2 placed parallel to two 
adjacent sides of the 50150 non-polarizing amplitude beam splitting cube [18,49,57,58]. 
Figure 10 and Figure II show the optical setup for the OOP and IP ESPSI system based 
on the Michelson interferometer. Note that for IP derivative component to be extracted, it 
is necessary (at the moment) to take two sets of data, with sequential repositioning of the 
laser illumination vector (laser source I a, and laser source 1 b). 
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Spatial differentiation is controlled by the amount of lateral displacement or shear 
(&orgy) created between the two wavefronts by tilting mirror MI a small tilt (6a) 
around the X axis if the required shear is vertical or around the Y axis if the required 
shear is horizontal. It is considered important to limit applied lateral shear to only one 
axis at a time when recording measurements. Shear in both the X and Y axes, is required 
to fully characterise the slope function of an object, but analysis of the data is difficult if 
multiple shears are used simultaneously. The CCD TV camera is connected to an image 
processing system which is used to acquire, process, and form the subtraction fringe 
pattern typically in real time observation on the computer monitor. 
The Michelson based shearing interferometer optical set-up is one of two common 
designs in commercial equipment and it was used in this research project, due to the 
ability to easily change the instrumentation sensitivity by altering the magnitude and 
direction of the lateral shear. The alternative common commercial design uses an optical 
wedge, causing a fixed lateral shear determined by the wedge angle [59]. 
The light intensity at the image plane can be described in a simplified form (Eq. 1) which 
is synonymous with speckle metrology. 
'A =I, + 12+211--, 12 COSO (Eq. 1) 
Where the optical phase term O=O(x+&, y)-O(x, y), 0 is the speckle phase for each of 
the two neighboured points, I, and 12 are the general intensity terms of the two 
wavefronts. Note that the descriptor IA is used in this instance as a means of identifying 
the intensity distribution, attributable to the object in its initial state. 
If the object receives a static deformation, the optical path alters slightly, represented as a 
phase change of 0' and causes a phase change A= 0'-0 for the two image wavefronts 
created by the shearing optics. This creates a second set of intensity equations which 
describes the object in its new state after the deformation ftinction has been applied (IB), 
which includes the change of phase, and can be surnmarised as: 
IB =I+ 2+ 2JI2 cos(o + A) (Eq. 2) 
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The change of intensity at the image plane can be described as AI = 1,4 - 1B, and is 
typically achieved by storing an initial object state reference image and subtracting 
subsequent images from this reference, such that via trigonometric identities: 
AI = -4ý1-II2 sin(o +A) sin( 
A 
(Eq. 3) 22 
Examination of the relationship described in (Eq. 3) leads to the conclusion that 
subtraction correlation fringe intensity (the raw data of the instrument) is at a maximum 
whenA=(2n+1)7r, whereas minimum correlation fringe intensity occurs whenA=2n; r, 
where in both cases, 'n' is an integer number. It should be noted that (Eq. 3) represents a 
single subtraction correlation interferogram, and phase stepping techniques (42] are 
typically used to extract the optical phase in a quantified form. 
Analysis of the optical path length changes within the interferometer can lead to a 
relationship which links the optical phase change and the spatial derivatives, in a form 
which is much used and referenced for common analysis of speckle pattern shearing 
correlation fringe pattern [18]. 
21r [(I + cos 0) 
L+ 
sin 0 -au A ax CIX 
(Eq. 4) 
This relationship relates the optical phase to the partial displacement derivatives ( Owlax) 
and (au lax), where & is the laser illumination angle with respect to the camera/image 
plane axis and (A) is the laser wavelength. Eq 4 is specific to the illumination axis being 
in the XZ plane and a horizontal lateral shear (&) with respect to the X-axis. Three 
further equations of a similar form may be developed when considering different 
orthogonal illumination vectors and lateral shear directions [ 18]. 
When examining an object for deformations typified by OOP signatures as was shown in 
Figure 10, then ideally this requires the illumination angle (8) to be minimised, thus 
desensitising the instrument with respect to IP terms (au lax) and maximising the OOP 
component sensitivity (cwlax). Whilst the OOP slope component is of specific interest, 
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it should be recognised that this term is not particularly significant with respect to 
engineering analysis, and requires numerical integration to displacement, or further 
numerical differentiation before flexural strain (o-W'lax') can be derived. It is also 
important that the magnitude of the lateral shear (&) should be small, because this has 
bearing upon the sensitivity of the shearing interferometer, the quality of the transducer 
signal, and the inclusion of additional error terms [60-62]. 
Using normal collimated illumination of the object, Eq 4 can be reduced to the form in 
Eq. 5. 
4; r& o'w 
A ax 
(Eq. 5) 
Assuming that data is produced in the form of subtraction correlation fringes, the OOP 
partial displacement derivative can be finally expressed as: 
o Iv nA 1 
ýx-- ý- -2 -dür (Eq. 6) 
Likewise, a similar relationship can be developed for the vertical OOP displacement 
derivative component (&/cy)when using a small vertical shear (6y) and illumination in 
the YZ plane: 
&w nA I 
C'y 2 dy 
(Eq. 7) 
Care must be taken when using these relationships as the basis of data processing, 
because they only hold true under certain conditions, these being collimated illumination 
of the object, viewing along the camera optical axis of the instrument, and small shear 
values. Other work [62,63] has already identified that Eq. 4 has very limited applicability 
if quality and traceability of output is the priority. 
Although ESPSI measures displacement derivative directly, its application for strain 
measurement in industry remains limited. The reason is that the shearogram, usually 
contains both IP and OOP displacement derivative components. The pure OOP 
component (Owl0x) or (Owloy) can be obtained by specific alignment of the direct 
illuminating beam as shown in Figure 10. The direct determination of the pure IP strain 
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(& / Ox) or using only the alignment of the direct illumination angle is, however, not 
currently possible. A few researchers [64-66] have tried to measure the components of 
the 2D distortion tensor (aulax, aulo'y, avlax, and avlo-y) by illuminating the object's 
surface nearly parallel to itself as was shown in Figure 11. However the results obtained 
are only suitable for simple surfaces and simple loadings conditions [60,67-69]. 
The application of two independent sequential direct illumination beams, which was 
reported by the laboratory of Photoelasticity, at the university of Gesamthochschule 
Kassel [68,70], has made it possible to use ESPSI to measure the pure IP components 
(au1ax, N1q, o'v1ax, and&/oy) created by general loadings. Each component is 
measured one after another (but in the case of tensile test, all components must be 
measured at the same time; otherwise they drift dependent on time). These investigations 
were restricted to the determination of only one term of a distortion tensor subjected to a 
single loading. The measurements of four IP and two OOP components of an investigated 
object subjected to a single loading have not been possible by single illumination beam. 
2.5.3 Development of ESPS1 
The use of lateral shearing interferometry was first reported by Murty in 1964 [71] when 
he used a single plane parallel plate as a lateral shearing device and a visible gas laser as a 
light source. He produced a fringe pattern from the high intensity of the laser per unit of 
solid angle, which gave an interference pattern that is visible in room light, this was used 
until Bryngdahl [72] reported another shearing interferometer by wavefront 
reconstruction using a holographic shearing interferometer to obtain zero order and 
multiple fringe interferograms. A year after, another shearing interferometer was reported 
by Mallick [73] using a single exposure (Shearing interferometry by simultaneous 
reconstruction of two wavefronts on a single photographic plate). This was used until 
1970 when Murty [74] came back to report the use of the first version of the Michelson 
interferometer as a shearing device, where two prisms were cemented together within 
fixed shear. In order to alter the shear Murty put a thin layer of oil between another sets of 
prisms. 
In 1971 Leendertz and Butters [57] reported an advanced shearing system by using laser 
speckle patterns instead of laser intensity, which was used before. They were the first to 
introduce the shearing interferometry technique based on the phenomenon of the speckle 
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effect, and showed that if two speckle patterns were superimposed, the intensity 
distribution in the resultant pattern depended on the relative phase of the component 
pattern and the observed speckle pattern. They obtained ffinge pattern representing 
contours of constant slope, and also identified that one advantage of the new method was 
less sensitivity to environmental disturbance over other interferometric methods. 
Hung [75] used a similar shearing device to measure the derivatives of surface 
displacement, although later he used the aperture device [58] to measure the slopes of 
structural deflections and to produce a full field strain gauge [76] using ESPSI. The work 
completed by Hung encouraged other researchers such as Boone [77] to study the 
technique further and to add some modifications so that it could be used for real time 
measurements. 
The use of the Michelson cube as a shearing device has spread more in the last two 
decades due to its simplicity, and the ease of sensitivity adjustment of the interferometer 
by changing the amount and type of shear in both directions (horizontally and vertically) 
[78]. However this did not stop researchers using other various shearing devices such as 
the wedge [79], split lens [80], aperture [81], plate gratings [82], and the double dove 
prism [83] and made some advances in the ESPSI field. Templeton and Hung [84] 
reported the development of a new fringe carrier generation method and computerization 
of the data acquisition, reduction, and display in order to make ESPSI user friendly. 
Klumpp and Schnack [85] reported the use of a variable shearing element consisting of 
two inclined glass plate in front of the camera. This method has the advantage that a flat 
object remains perfectly within the object plane, while the wedge/prism techniques tilt the 
object virtually out of this plane. 
2.5.3.1 Phase Shifting and Image Processing 
The idea of obtaining quantified data from the fringe pattern optical was essential for 
displacement derivative measurement. This was started by introducing the phase shifting 
technique in the Michelson shearing interferometer by Kothiyal and Delisle [86], in order 
to improve the quality of the fiinge pattern. Phase shifting is used to determine phase 
distribution in an interferometric fringe pattern. This is achieved by attaching a mirror to a 
Piezoelectric Transducer (PZT). When the technique is applied to the fringe pattern 
obtained in ESPSI, values of the displacement derivative can be determined 
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quantitatively. They used the PZT in order to obtain a series of different optical phase 
map images. The introduction of the phase shifting techniques helped other researchers 
[87] to determine the fractional fringe orders, thereby enabling a more precise 
determination of displacement gradient and flaw depth in NDT. 
The Phase-stepping/shifting techniques have become common enhancements to 
shearography systems. Capturing a series of phase-stepped images, rather than just a pair, 
allows the calculation of surface displacement derivative at every pixel [42]. Optical 
phase maps are calculated modulo (2; r ). If surface deformations are of sufficiently high 
amplitude, the optical phase will appear 'wrapped'. The next logical step is to 'unwrap' the 
optical phase and make it continuous again. For flaw detection purposes, Brad [88] found 
that it was sometimes not only unnecessary, but harmful to the flaw detection process to 
unwrap the optical phase map. 
These steps, only applicable to an unwrapped optical phase map, can also serve to 
uncover some flaws not previously visible in the wrapped optical phase map. Finally, 
Brad suggested that effective data visualization plays an important role in conveying 
information embedded in the wrapped or unwrapped optical phase maps. He introduced 
these issues and gave several examples, wrapped and unwrapped, with varying excitation 
type, composite material, flaw type, and image processing. Carlsson and Wei [89] 
developed a new method for the evaluation of speckle interferogram recorded during 
continuous displacements. They proposed that only one image at a time has to be 
recorded during object deformation. The method has the same advantages as common 
phase shifting method compared with other techniques for the same purposes. The 
method can be applied for all events when there is a need to study the progress of 
continuous displacement. 
2.5.3.2 IP and OOP Displacement Derivative Measurement 
Measuring more than one displacement derivative using ESPSI is not as easy or straight 
forward as measuring one component such as the OOP. The idea of having a system, 
which can measures both the OOP displacement direvative and strain simultaneously was 
the subject of Shugan and Das-Gupta [90], who calculated the OOP deflection by using a 
split lens as a shearing device due to its simplicity. They found that to measure the OOP 
deformation component, the object and the camera plate must be coplanar. Hung reported 
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another use of ESPSI [91] for measuring the surface contour of an object using a lens 
with four apertures, with one pair to produce a shear direction in the X axis direction, and 
the other pair shearing in the Y axis direction. It was proposed that this arrangement 
would enable both (o'wlOx ando'wlcy) to be recorded at the same time and separated 
later during Fourier filtering processing. 
In 1979, Hung and Durelli [92] reported the simultaneous measurement of three 
displacement derivatives (Owlax, c'w1ax45 and awlo'y) using a multiple image shearing 
interferometric camera employing a glass wedge as the shearing device. They determined 
that while the camera was very effective in measuring the derivatives of deflections, the 
determination of IP strains required point by point data reduction from three recordings 
with three different illumination angles. They used a rectangular plate to demonstrate 
their concept and to measure directly the surface strain [92], while others [93,94] went a 
step further and were able to determine directly the second order derivative in a plate 
using multiple exposure ESPSI. 
Nakadate et al [95] used a Fresnel Biprism as the shearing device to set up a digital 
shearing system. They found that the fringe visibility depended on the correlation 
coefficient between two wavefronts before and after deformation of the object. This 
correlation mainly depended on the displacement component in the orthogonal direction 
to the line of sight. They suggested that computer based digital processing of the speckle 
pattern made it possible to improve fringe quality and to calculate the surface strain 
component from speckle patterns. 
This prompted Iwahashi et al [96] to develop a single aperture speckle shearing 
interferometry with a single grating to measure the slope distribution in a cantilever beam. 
They found that the fringe contrast of this method was as good as the double aperture 
method. This method overcame the disadvantages of earlier single aperture and double 
aperture methods without losing the advantages of those methods, providing the ability to 
measure simultaneously three slopes distributions [8 1] using this interferometer. 
Mohan et al and others [97,98] developed combination of both holography and ESPSI in 
one configuration. They demonstrated that since the slope information is of low 
sensitivity, large object loading was necessary for discernible fringes to be obtained, but 
then the OOP displacement, being very sensitive, will result in overcrowding of fringes. 
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They found that this problem could be solved by incorporation of an existing method such 
as the speckle averaging method [29,48,99] to produce high quality interference patterns 
in real time. 
2.5-3.3 In-Plane Displacement derivative 
Separation of the Ip component from the OOP one has always been required, as the IP 
component is more meaningful in engineering terms. While Mohan et al [60] tried to 
separate the influence of the IP displacement from the OOP one using a multi-aperture 
speckle shear interferometry, Aebischer and Waldner [67] made it possible to visualise 
the IP strain in real time ESPSI, proposing a set up with three light sources providing 
accurate isolation of all six spatial displacement derivatives, which made it well suited for 
the industrial environment. This work motivated Steinchen et al [68] to propose a system 
which could measure both pure IP strain and pure OOP displacement derivative by using 
a dual illumination method and phase shifting technique, which measured two different 
phase distributions, thus calculating the relative optical phase changes. Tay et al [69] 
proposed a new configuration for surface slope measurement using triple exposure 
ESPSI, which showed an improvement in sensitivity over the conventional double 
exposure technique. 
Politch [100] detailed three methods of measuring strain; ESPSI, strain gauges, and 
mechanical deflectometers finding good agreement between the calculated and the 
measured results. Petzing and Tyrer [101] analysed the OOP shearing interferometer, 
which showed production of IP partial derivatives was not affected by OOP displacement 
function components. They presented IP data by subtraction correlation fringes formed 
using two interferometer designs. These interferometers were tested and compared using 
a compact tension crack specimen, and the results correlated with finite element software 
predictions of strain distributions across modelled specimens. 
More recently, work by Roman et al [102,103] has been attempting to explore new 
ESPSI concepts, specially to extract unique IP derivative component. 
2.5.3.4 Non-Destructive Testing (NDT) 
One major difference between ESPSI and conventional NDT techniques is the method of 
revealing flaws. Conventional NDT techniques such as dye penetration and magnetic 
particles reveal surface or sub-surface flaws by enhanced visual means, and techniques 
31 
CHAPTER 2 
such as ultrasonic and radiography detect internal flaws by finding inhomogeneties in 
materials. Not all flaws are critical. These conventional techniques generally provide no 
direct information on whether or not the detected flaws will weaken the component. 
ESPSI reveals flaws by looking for the flaw-induced strain anomalies, and thus it 
provides more direct information about the flaw-criticality. Furthermore, ESPSI is a full- 
field optical technique, which does not require contact. Thus, the inspection rate of ESPSI 
has the potential for being inherently higher than more conventional techniques. 
ESPSI has been widely used for flaw detection in composites. Toh et-al [104] introduced 
the time average technique into ESPSI (generally used for modal analysis). They found 
that to enable easy detection of flaws, the component had to be excited at frequencies 
which are much higher than the resonance frequency of the component itself Ng and 
Chau [105] benefited from this set up and used the technique to obtain shearing speckle 
modal slope shapes, consistent with the theoretical derivation for a SCP. They concluded 
that the patterns appeared only when the plate was vibrating at its natural frequencies. 
Der Hovanesian et al [ 106] explored the use of ESPSI as a discontinuity detective tool for 
routine evaluation of the integrity of tyres, such as in aircraft. ESPSI was performed using 
stressing techniques. These techniques did not produce intolerable rigid body motion, 
thereby preventing the degradation of fringe quality. This encouraged other researchers 
to take advantage of its features in order to measure displacement instead of displacement 
derivative [107) by removing the image doubling, through reconstruction of the 
displacement field. 
Many researchers wanted to compare ESPSI as an NDT and strain measuring tool, against 
other methods in order to evaluate this new technique. Spicer et al [108] chose 
thermography for the comparison. He found that delaminations between the skin and 
honeycomb core were detected by both methods. The thermography method provided 
much information about the specimen under study, skin thickness, even without the 
presence of a disbond. ESPSI was more effective at detecting delaminations between the 
skin and the polymer honeycomb than thermography. Other researchers [109,110] 
combined the two techniques together benefit from both features for NDT inspection. 
While each of the techniques may find defects on a particular composite structure, each 
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may show types or sizes of defects that the other does not. The two methods 
complemented each other well. 
Other researchers went further and used a mercury arc lamp instead of the laser light for 
improving data quality, simplicity, and cost effectiveness. Applications for coherent 
optical metrology usually use laser as light source because of the excellent spatial and 
temporal coherence of the emitted light. By comparison, the demands of ESPSI 
concerning the coherence of the light source are less. This enables certain white-light 
sources like mercury arc lamps to be an option. But using such a light source leads to new 
problems. Both the spatial and temporal coherence are low, due to the fact that multiple 
wavelengths were involved, dispersion effects become an issue and must be considered. 
Therefore Falldorf et al [I I I] investigated the multi-waveband ESPSI using a mercury arc 
lamp. 
2.5.3.5 Shape and Vibration Measurements 
The use of ESPSI varied from researcher to another. Tay et al [112] used it to measure 
the surface coordinates and slopes of a the square clamped plate and an elliptical object. 
The results obtained showed that by shifting the light source towards, or perpendicular to 
the illuminated surface, two different sets of fringe patterns could be obtained. The first 
represented the surface coordinates, whilst the second represented the surface slope. 
Vibration measurement using ESPSI is still in its infancy [113-115]. Although ESPSI 
allows one to observe the shearogram of a harmonically excited component in real time, 
the contrast of the shearogram is often poor. In addition, the interference pattern is still 
sensitive to relatively large disturbances from the environment, e. g., thermal waves and 
low frequency vibrations, and interpretation of the modal patterns is potentially difficult, 
and is also often difficult to interpret. 
2.5.3.6 PuIsed Laser Systems 
Using pulsed lasers in interferometric metrology relaxes the stability requirements for the 
experimental set-up, and makes it possible to study high speed dynamic objects. This 
means that it extends the range of applications for ESPSI, considerably for the same 
reasons as in ESPI. Rapid transient surface deformations can be studied, and when the 
laser is made to produce a sequence of double pulses [116], correct measurements results 
can also be obtained under unstable experimental conditions. The lower coherence 
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requirement of the laser source in shearing interferometry is especially an advantage 
where pulsed lasers are concerned, because much experimental and financial effort has to 
be made for a sufficient coherence length to be obtained. Spooren et al [117] reported the 
use of a double pulsed laser in a shearing system. He suggested a new double pulse 
subtraction technique that offered the possibility of compensation for laser intensity 
fluctuation that can affect the fiinge visibility significantly in pulsed electronic shearing 
interferometry. Petzing et al [113] were some of the first researchers to demonstrate the 
quantitative application of pulsed ESPSI, measuring surface vibration of large 
transducers. 
2.5.3.7 Errors in ESPSI 
Researchers concluded that the optical phase distribution in ESPSI was dependant on five 
independent parameters: three for strain vectors and two for displacement vectors. 
Rosenberg and Politch [118] proposed that in order to reduce these number of parameters 
in a specific experiment, it is necessary to have a prior knowledge of the displacement 
vectors and derivatives which makes it possible to calculate each parameter. 
While many authors were interested in the development and the implementation of the 
technique, Fulton et al [ 119] went further to study and investigate the errors associated 
with the main ESPSI equation (Eq. 4). They insisted that this equation introduces 
relatively small error terms for practical problems. These errors can be controlled by 
varying the shear; however they claimed that if the ESPSI equation is further simplified to 
approximate only OOP gradients, then significant errors can result. However, during the 
early development of ESPSI, little attention was paid to understanding, quantifying and 
compensating for the numerous errors sources, which are a function of ESPSI system. 
Recently Wan Abdullah et al [62,120] investigated the shearographic measurement 
accuracy due to the divergence of the illumination wavefront, associated with the 
magnitude of the lateral shear function. They measured the errors by comparing OOP 
measurements using divergent illumination with respect to collimated illumination on a 
cantilever beam, and found that the magnitude of the error increases with decreasing 
object distance or increasing wavefront curvature at the object surface (and increasing of 
the lateral shear). This work has been continued [121], and complemented by other 
research completed by Farrant and Petzing [63]. 
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2.5.4 Industrial use of ESPSI 
The idea of moving ESPSI for use outside the laboratory was started when Hariharan [82] 
reported a simple speckle shearing system based on two diffraction gratings as a shearing 
device attached to the lens in front of a camera, using an expanded laser beam in the YZ 
plane. He claimed that his set up would facilitate the use of shearing outside the 
laboratory, due to its simplicity. 
Since ESPSI allows derivatives of surface displacement to be measured directly, it is very 
useful for NDT and strain analysis. Finite Element Modelling (FEM) has been employed 
[122] to optimize and quantify ESPSI for NDT techniques for a variety of applications, 
including the assessment of fatigue damage of complex structures such as aircraft 
structures. The results showed how an FEM technique could be used to interpret the 
fringe pattern resulting from disbonds between the lap joints of aircraft structures. The 
capabilities of ESPSI have made it even possible to inspect the hermetic seals of 
microelectronic packages [123], and to be used for quantitative measurement of gas 
temperatures in axisymmetric systems [124] in which vibration and shock are substantial 
and measurement time is limited. 
As an industrial tool Hung [125] has proven that ESPSI is a practical approach for NDT, 
and that the recent development in computing and programming has greatly facilitated 
and economized the employment of ESPSI for mass inspection in production and in 
service lines. Joenathan et al [126] proposed another optical set up called the novel 
temporal Fourier transform shearing interferometer, in order to increase the measurement 
resolution of ESPSI from tens of micrometers to thousand of micrometers of object 
displacement. Meanwhile Celorio et al [127] used carrier fringes and temporal-optical 
phase unwrapping methods to extend the range of the displacement measurements to 
216pm. Both authors insisted that this increment in the range of measurement would 
make it more attractive to industry and increase the industrial capabilities of the technique 
for high usability strain measurement and NDT analysis. 
For example; The automotive industry use ESPSI in many ways [128,129], it is used to 
analyse fatigue behaviour of the chassis, power train, engines, gear boxes, wheels, and all 
other components, which are highly stressed and critical for automotive safety. 
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2.5.5 ESPSI in the Aerospace Industry 
The increased use of advanced composites in aircraft structures and the need for reliable 
inspection of aging aircraft have led to the development of new and improved NDT 
methods-establishing the quality or integrity of materials and structures without impairing 
or affecting their end use. The use of ESPSI as an NDT tool in the aerospace industry 
goes back to 1973 when Kellsal [ 13 0] measured the Modulation Transfer Function (MTF) 
over the propagation path using laser or white light sources and operated from an airbone 
platform. Implementation of the technique in the aerospace industry remained poor as the 
technique was in the development and investigation stage until Hung [ 13 1] found that it 
was better suited for inspections conducted in the production plant environments as an 
NDT tool, because it was generally insensitive to rigid body movement and more 
sensitive to flaw detection in comparison to holography. 
The demand for productivity and maintainability standpoints to inspect the primary 
aircraft structures and blading caused Newman [9] to develop a system based on both 
ESPSI and Thermal/Microwave Coupled Infrared Imaging (TMCII). ESPSI proved to be 
capable of detecting unbonds, crushed core, impact damage and delaminations in 
composites, honeycomb, and foam cored structures, while TMCII could detect 
delarninations and entrapped moisture. He successfully used ESPSI for flight line 
inspection of both commercial and military aircraft and in production on various aircraft 
and launch vehicle programs. Then Hagemaier and Iddings [132-134] announced its use 
for crack, corrosion detection, and lack of bond in lap joints in aging aircraft, thus 
investigating the airworthiness of the aircraft. 
With the introduction of real time ESPSI instead of the double exposed interferograms, 
some authors [135] investigated the advantages and limitations of this new technique. As 
ESPSI proved reliable and credible in the aerospace industry, many aviation authorities 
started to include this new technique in their research activities [136]. Some researchers 
[137,138] applied it to the inspection of aircraft structures for the detection of corroded 
aluminiurn honeycomb, poor or improper repair to aluminium, composite honeycomb and 
the impact damage in graphite epoxy or thermoplastic aircraft structures. They found that 
ESPSI offered identical detection capability both in production and in the field, which 
caused Valley and Newman (139,140] to take it further into the field to inspect the aging 
aircraft for disbonds, corrosion, fatigue cracks and other defects. This advancement of the 
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use of ESPSI led Bird and others [13,15,140-142] to think seriously about it and to 
evaluate it for their applications at the Kennedy Space Centre (USA). They found that the 
equipment had potential for testing different parts such as the shuttle external tank, the 
solid rocket boosters, and structural component of the NASA obiter. 
Further use has been found in the B-2 program [13,143], which demanded the need for 
skin to core bondline integrity inspections of low 'Z' composite materials used on the 
program, and high rate of inspection necessitated that an innovative, rapid inspection 
method was needed. The use of ESPSI in the aerospace industry did not stop at inspecting 
the skin or the structure of the aircraft, but went further to test the aluminiurn honeycomb 
turbofan aircraft engine fan case for the JT I 5D-5D program [50]. 
This extensive presence of ESPSI in the aerospace industry demanded the need for 
quantitative data to be produced, which introduced the phase stepping technique [144, 
145] to calculate the value of the optical phase for each point of the study area before and 
after deformation or stressing and then compared these values in order to produce real 
numbers about the strain/stress within that studied area. This shifted the use of the ESPSI 
not only to detect faulty areas within the structure but to obtain indirect stress/strain field 
information as well. 
Aerospace industries use ESPSI systems to test composite materials of Glass Fibre 
Reinforced Plastics (GFRP), Carbon Fibre Reinforced Plastics (CFRP), GLARE, foam 
and aluminium composites [146], etc. Fully automatic inspection ESPSI systems have 
been installed for the European Space Agency ARIANE 5 [147] launch vehicle project, as 
well as for helicopter rotor blade. Recently, ESPSI has been validated for maintenance 
repair of Concorde components. Pratt & Whitney jet engine abradable seals are also 
inspected with laser ESPSI systems using vibration excitation [148]. This broad use of 
ESPSI in the aerospace industry has caused official authorities both in the UK and the 
USA (UKCAA and FAA) to recognise the technique as an acceptable method to inspect 
aircraft's parts and to develop standard guidance for its use and applications in the 
aerospace industry [2,149]. 
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2.6 Conclusions 
This chapter has provided a literature review concerning the technique of ESPSI. It stared 
with an introduction and overview to the phenomena of laser speckle interferometry and 
its development since it was discovered until recent times. Two types of speckle 
(objective and subjective) were identified and discussed. The chapter has highlighted two 
major applications of the speckle phenomena, namely Electronic Speckle Pattern 
Intcrferometry (ESPI) and Electronic Speckle Pattern Shearing Interferometry (ESPSI). 
The first application was discussed briefly whilst the other has been discussed in more 
detail, because it is the main technique to carry out the experimental work in the 
following chapters. 
The Michelson cube shearing interferometer was selected from amongst the other 
shearing devices due to its simplicity, and the case of adjustment of the shear value and 
direction. The chapter has provided an overview of the technique, its principle, theory, 
and developments since it was invented until recent times, highlighting the major stages 
in its developments and applications such as NDT, in plane displacement derivative 
measurement, and shape measurement, in addition to the researchers who helped to 
develop it to these stages. 
Moving ESPSI from laboratory into industry was a major stage which gave it more 
credibility and reliability where it was used in the automotive and the aerospace industry 
(civil and military) for various applications such as analysis of fatigue behaviour in train 
engines, and NDT of aircraft structure, this is in addition to displacement and stress/strain 
measurement. However, it is apparent from the literature available that no work has ever 
been published concerning the analysis of aircraft wheels. Furthermore, there is very 
little evidence of any publications on a large structural loading, especially of the extent 
required to test aircraft wheels. This helps to confirm that the research objectives 
identified in Chapter I are novel. 
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3 Shearographic Sensor System 
3.1 Introduction 
T his chapter provides an introduction to the proposed Shearographic Sensor 
System (SSS), which is based on the Michelson interferometer as a shearing 
device. The SSS was used to carry out the experimental work in this thesis, 
both within the optical metrology laboratory at LU and in the Test House at DABS. 
Section (3.2) introduces the SSS and its applications in industry such as stress/strain and 
displacement derivative measurement in addition to NDT and it discusses the principle of 
the SSS and its operation within the proposed layout design. Section (3.3) discusses the 
design process of the SSS, and the issues, which were considered when designing the 
system to be compatible with the laboratory environment at LU, and the industrial 
environment at DABS. This is in addition to the specifications and features of the 
mechanical and optical components used in building the SSS, and the hardware/software 
needed for acquiring and processing the data. Section (3.4) discusses the setting up issues 
of the SSS, which were required prior to switching on the system to acquire data; such as 
adjusting the lateral shear value and direction, and type of loading applied to test object. 
A detailed description of how the system operates, data acquisition and post processing 
such as phase stepping, generating wrapped optical phase map, unwrapping the optical 
phase map, calculating the first displacement derivative or stress/strain maps in addition 
to the integration of the data to displacement components, are discussed and illustrated in 
Section (3.5). More theoretical and technical backgrounds about the post processing 
stages are explained in Section (3.6). Finally, the chapter is concluded with a review of 
the SSS and its applications and design features, merits, in addition to the value of the 
data obtained for FE model validation and/or comparison with displacement 
measurements from the Linear Variable Differential Transducer system (LVDT). 
3.2 Principle of Operation 
The proposed SSS is a non-contact optical laser instrument capable of measuring 
displacement derivative/displacement, detecting and analysing defects and non- 
. uniformities 
in various object materials, ranging from human tissue to engineering 
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structures. Measuring displacement derivative/displacements resulting from applied loads 
on an illuminated object, potentially allows the calculation of the stress/strain fields in the 
studied area of that object, and consequently allows comparison with FE model of the 
object, in order to validate the model and optimise the design of the studied object. 
The design of the SSS was based on a Michelson interferometer setup, which has been 
reported by many previous authors [74,101,130]. This type of speckle shearing 
interferometer was chosen because it provided sensitivity adjustment, which was required 
in order to optimise the experimentation. However, it should be mentioned that the 
Michelson optics contain more air/glass interfaces than a simple wedge-based system, 
resulting in a poorer system optical efficiency. The specific optical design of the 
instrumentation was constrained by dominating issues. Firstly, the layout of the wheel 
testing facilities at DABS, and secondly the requirement for collimated illumination [62, 
121], although every effort was made to consider and include instrument design features 
which acknowledge the existing body of knowledge concerning error sources and 
instrument performance. The SSS design is shown in Figure 12. 
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Figure 12: The Optical setup for the SSS, OOP configuration 
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The Nd: YAG laser emits a laser beam through the expansion lens (LI) onto the mirror 
(W), where it is then reflected through the collimating lens (L2) ((D = 98mm) to mirror 
(W). The light reflects from (M4) to (M5), which directs the laser beam straight to the 
object. It should be noted that mirror (M5) can be moved along the aluminium. slideway 
(S). This allows the illumination angle (a) to be changed, providing the ability to measure 
In-Plane (IP) displacement derivative components where applicable. 
An important issue in the SSS design was to produce a collimated laser beam to 
illuminate the object or the wheel in this research study, in order to obtain more accurate 
results in measuring the displacement derivative. The system produces a consistent and 
clear collimated beam with a circular cross-section of 98mm to cover the related area of 
the studied object. This was the viewable aperture of the mounted 100mm collimating 
lens (U). The collimated illumination beam can be adjusted to the correct location of the 
object using the final front mirror (M5) holder screws. Collimated illumination is 
restrictive in terms of data analysis size, but helps to improve data quality [62,121]. 
The laser source was an Elforlight G4-1 00 continuous wave diode pumped Nd: YAG with 
a wavelength (%= 532 nrn) and an output power of 100 mW, and the polarization vector 
vertically orientated. Laser beams are monochromatic (single wavelength), highly 
directional and are spatially and temporally coherent. This coherent property of a laser 
beam, where all emitted waves are in phase with each other, enables its use for 
displacement derivative/displacement and stress/strain measurement in some cases, when 
used in an interferometer. 
The illumination angle (8) was minimised to between P and 7" depending on object 
distance, but could not be reduced further due to the mechanical and optical arrangement. 
All optical mounts and the structure of the instrument were machined from HE15 
aluminium alloy, and consequently mounted on a flat aluminium plate from the same 
material, with dimensions of (1000 x 350 x 10mm). This particular choice of material 
reduced the chances of differential thermal expansion within the instrument and provided 
more mounting stability. Figure 13 shows a representation of the SSS drawing in 313- 
CAD design, and in operational mode. 
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Figure 13: 3D CAD representation of the SSS 
The camera used in the instrument was a CCD TV Pulnix TM9701D, linked through to a 
PC mounted Coreco Viper Digital frame grabbing card. Image grabbing and processing 
algorithms were developed and operated under the Coreco (WiT v7.1) and Sapera 
software packages. Optical phase manipulation was achieved using a calibrated Piezo 
system Jena PA8/12 Piezoelectric Transducer element (PZT) driven from a calibrated 
National Instruments PCI-6713 board. Three images optical phase calculations [42] were 
implemented, used and evaluated. This was due to time constraints, simplicity, and 
accuracy of results. Final data processing and analysis was completed using MATLAB 
(vl2) software, with optical phase extraction completed using PhaseVision Ltd. 
unwrapping software, linked through to binary masking of regions outside the primary 
data sets. 
The illumination incident on the surface of the studied object is reflected by this surface. 
The surface roughness causes the reflected waves of light to interfere with each other 
creating speckle, which uniquely encodes the surface. If the surface is deformed, the 
speckle patterns change. The image capture and processing of these speckle patterns 
allows the generation of displacement derivative data (as previously described in Chapter 
2). 
The image processing software (WiT v7.1) was used to capture a live reference image of 
the object (before deformation), then capture a new image in the loaded or stressed 
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condition, subtracting it from the reference image stored on the PC memory. This results 
in subtraction correlation fringe pattern fori-ning on the PC monitor, which are the grainy 
black/white lines shown in Figure 14. It should be noted that the shape of the fringe 
pattern is very much dependent on the location of the applied displacement influence 
point and the shape of the object. 
Figure 14: Fringe pattern formed on the PC monitor resulting 
from an applied central displacement on the SCP 
3.3 Mechanical Design of the SSS 
The mechanical design process for the SSS started with the production of the mechanical 
drawings for the components using a 3D-CAD package (Mechanical Desktop 0), which 
were sent to the department mechanical workshop for manufacturing. The main board of 
the first prototype was MDF, with the optical and mechanical components mounted on it, 
in addition to the CCD TV camera. 
The aim of the first prototype was to test the functionality of the SSS in the industrial 
environment and to find out about the required modifications and changes needed to the 
SSS, testing machines, and environment prior to the design and manufacturing processes 
of the final edition of the SSS. The prototype was never intended to produce any 
significant data. 
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Upon completion of the design and manufacturing processes of the first SSS prototype, 
initial experimental work was performed at the company, which was used primarily to 
understand the test environment within DABS Test House, and to identify the specific 
design issues and constraints placed on the SSS. Several issues were identified, which 
required consideration in the final design of the new SSS for DABS, in addition to some 
minor problems facing the current system work environment. These can be summarised. 
in three groups; optical/mechanical, software, and DABS equipment/environment. 
3.3.1 OpticaUMechanical 
Adjustment of the Michelson optics (BS, Figure 12) was difficult when the 
Michelson was in the middle of the SSS. A design change was required in order 
to allow adjustment of the lateral shear of the interferometer, either manually or 
automatically. 
TV camera zoom lens focusing - minor issues of focal distances with respect to 
lens settings. This required a C-mount/Olympus adapter plus Tamron lenses to 
give a much better image definition, zoom versatility, and less image distortion 
than specific C-mount zoom lenses. 
SSS optical height was too high for the test rig of the FRTM at DABS. Needed to 
reduce the optical path height as much as possible. 
Michelson cube needed to be covered to reduce surface reflections. 
Front moving mirror (M5) needed to be wider (rectangular in cross section) to 
maximize light capture and reflection. 
"A new lens mount (L2) needed to be designed to reduce lens height to a minimum. 
" Mounting the laser power pack inside the body of the SSS, needed to be taken into 
consideration heat dissipation from the laser cooling system. 
" Design and manufacture of a new housing for the SSS. 
3.3.2 Software 
" Image processing system software (WiT v7.1) crashed after 20 minutes of use. 
" The first time the program was run, the phase stepping function did not work 
properly. This needed more investigation. 
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Need for keyboard control of some functions, specifically initiating image capture 
and refreshing. 
Investigate current software (WiT v7.1) problems in terms of optical phase 
unwrapping and system crashing when operated at full speed. 
3.3.3 DABS Equipment/Environment 
" Reduction of mass air movement around the roll testing equipment. 
" Methods for mounting the SSS onto the test rig of the FRTM in a stable and secure 
way, to avoid speckle decorrelation and to prevent any turbulence. 
Issues of guarding the wheel testing equipment to reduce mass air movement, those 
were two areas; the blowers under the wheel and air movement from above the 
wheel. 
Nitrogen exhaust in the vicinity of the test measurement area required moving to a 
different part of the Test House for issues of asphyxiation. 
These issues were investigated for inclusion into the final version of the SSS, which 
would enable the user to have a better control of the data acquisition process, and to be 
synchronized with the company requirements and environment. 
In response to the above issues, the company completed the sub-contract manufacture of a 
measurement platform around the wheel structure on the test rig of the FRTM, which was 
suitable for the SSS positioning as shown in Figure 15. Furthermore, DABS had 
considered Health & Safety (H&S) issues concerning the test rig, and consequently 
moved the Nitrogen exhaust for the wheel deflation tests, away from the work area. 
Optical and mechanical design changes were completed, with new 3D-CAD based 
specifications being produced. Components (including an all aluminium base plate) were 
manufactured (or purchased), assembled and tested, leading to the commissioning of the 
final continuous wave SSS used for the majority of the research (Figure 16), software 
optimisation was also implemented. 
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Figure 15: The SSS mounted on the measurement platform around the wheel on the test rig of the FRI M 
Figure 16: SSS (mechanical and optical components) in operation on the FRIM 
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3.4 SSS Conflguration Issues 
3.4.1 Lateral Shear Requirements 
The sensitivity of the SSS is the amount of lateral shear applied through the tilting mirror 
(Ml, Figure 12). This is measured in millimetres (mm) and for purpose of this research 
was typically between (5-10mm). The amount of the applied lateral shear depends very 
much on the geometry and the structure of the illuminated surface, the extent of surface 
deformation, and the quality of the speckle correlation data. 
If the illuminated surface is known to produce a significant deformation on minimal 
loading input, then a small shearing value should be applied. The sensitivity can be 
adjusted by tilting the miffor (MI), which generates a shear distance between the double 
images and vice versa. The lateral shear was applied by using a calibrated grid pattern or 
ruler (Figure 17) held adjacent to the studied surface and the distance (& or 05Y ) between 
the double images measured. However it should be noted that for anomaly and defect 
detection, the amount of lateral shear introduced need not to be measured, but if 
quantitative data is required, the lateral shear value must be recorded, for correct 
numerical manipulation. 
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Figure 17: Calibrated grid pattern of I Omm for applying the lateral shear sensitivity to the SSS 
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3.4.2 Direction of Sensitivity 
The SSS can be configured to be sensitive to either the OOP displacement derivative 
component (0'w10x) or combination of the OOP component (&lax) and the IP (Oulax). 
This is achieved by setting up the lateral shear in the X axis direction with a lateral shear 
distance, & (Figure 17). In the case where the object is subjected to a load causing 
displacement derivative in the Y axis direction, then the lateral shear needs to be altered 
to the Y axis direction with a lateral shear distance, o6y, and the measured components are 
(aulcy and &Icy). However if the displacement derivative components (cy/0'y 
and &lax )[ 18] are required to be measured then the illumination beam has to be changed 
to illuminate in the YZ plane, which results in the SSS being rotated by 90*. 
3.4.3 Zooming Lens Setup 
The SSS zoom lens has been specified to focus on target surfaces ranging from 0.7 to 3m 
away from the front of the SSS. Any target distance that is not within these limits would 
not produce optimized fringe pattern. A priority was to ensure that the aperture (iris) of 
the CCD TV camera was neither too closed nor too open as to cause flaring in the 
displayed image on the PC monitor. Further consideration had to be given to speckle size 
at the image plane, with a smaller aperture giving larger speckle sizes, and consequently 
less resolution. Typically an aperture setting of F8-Fl I was used. 
3.4.4 Mechanical/Thermal Loading 
Each subtraction correlation fringe is due to the illuminated surface having a deformation 
of the order of the wavelength of the laser or more. The balance between the number of 
fringes and the fiinge visibility is an issue that will become apparent. This balance 
depends on the stability and characteristics of the illuminated surface. 
The applied load must be enough to produce visible correlation fringes. Depending on the 
object or component, it may be preferential to use thermal loading rather than mechanical 
in some cases. An important issue to note when using mechanical loading is that the 
object must not be moved once the reference image has been acquired. Thermal loading is 
non-contact and easy to apply, but very difficult to control the amount of heat applied. 
Usually a heat gun or infrared lamp provides sufficient energy to cause thermal expansion 
of the object, and consequently visible subtraction correlation fringe pattern. The amount 
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of lateral shear should be adjusted to suit the loading/surface stability and allow the 
interferometer to examine a suitable range of deformation. 
3.5 SSS Operation 
The SSS operated by switching on the PC and the laser, which required full thermal 
stability before operation (10 minutes warm up period) and emitting the collimated laser 
beam to the surface of the object. All software and applications were run under Windows 
NT, which proved to be stable. The WiT image processing software provided a toolbox 
of graphical image processing icons, each with inputs and outputs. This visual 
programming structure (Figure 18) provided for rapid image processing algorithm build 
and development. Whilst this software provided very significant ease of use and 
flexibility, the downside was that it was computationally very expensive. Conversion of 
the icon driven code into C. executable code was explored for a very short time, but it was 
decided that the WiT could be optimised enough for the research project. 
The final design of this software is shown in Figure 18, which shows the image 
processing algorithm "igraph". This igraph captures a reference image and stores it in the 
PC memory, then captures a second image and subtracts it in real time from the stored 
reference image, creating what is called an interferogram or shearogram. 
To start capturing data, a live image without subtraction should be displayed; this is in 
order to set up the lateral shear value and direction, and to optimise the CCD TV camera 
settings (such as zoom, focus, aperture and others). After setting the system, the live 
image can be closed and the data acquisition process can be commenced. This is 
achieved by clicking the flash icon on the igraph (Figure 18), which displays a real time 
image showing the subtracted laser speckle patterns (shearogram) before loading. At this 
stage the load (mechanical or thermal) can be applied to the object, and the subtraction 
correlation fringe pattern starts to form on the screen, as shown in Figure 19, which shows 
fringe pattern formation as a result of radial static loading on an aircraft wheel using the 
DM at DABS, which will be discussed in more detail in Chapter 6. 
Once the load and consequently the fringe pattern settle on the screen, hitting the "Step & 
Wrap" button on the keyboard initiates the phase stepping and wrapping operations. 
During the phase stepping process, the object must not be moved. Additionally, in order 
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to maximize data integrity, the fringes must ideally be static. The phase stepping 
operation is performed within 200ms. This generates a wrapped optical phase map (A) of 
the stepped images as shown in Figure 20, which shows on the screen the three phase 
stepped images and the wrapped optical phase map for part of aircraft's wheel at DABS. 
The wrapped optical phase map contains noisy data around the valid data of the wheel, 
which is due to the non-illuminated area of the wheel, which was also captured by the 
SSS. The noisy data causes problems when it comes to retrieving the absolute values of 
the optical phase map by the "unwrapping process" which will be explained further in 
Section (3.6.3) of this chapter. To solve this problem a binary (black/white) mask was 
created manually using PaintShop Pro software. This is placed around the valid data using 
a Boolean operator to mask the noise, and to enable the unwrapping process to be 
completed as shown in Figure 21 which shows a masked wrapped optical phase map for 
part of the aircraft's wheel. Note that any data area masked "out" is set to black, or a grey 
scale value of zero. 
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Figure 18: WiT (0.1) igraph, for live interferogram subtraction, phase stepping 
and generating the wrapped optical phase map 
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Figure 19: Fringe pattern formation on the PC monitor due to the applied load on aircraft's wheel 
Figure 20: Three phase stepped fringe patterns images with a %wapped optical phase map on front 
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The unwrapping process is a separate process completed using PhaseVision Ltd 
unwrapping software [127,150,151], which is integrated within MATLAB as an m file 
algorithin (copy of the MATLAB rn file algorithm script can be found ill Appendix 1). 
The MATLAB m file algorithm was developed especially for the SSS to perforrn the 
operations illustrated in Figure 22: 
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Figure 22: Flow chart illustrating the opcration flow pcrformcd by the MATIAB algorithm 
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Call the binary mask and the wrapped optical phase map and apply it to the rnask 
to allow the generation of masked wrapped optical phase rnap (Figure 21). 
Unwrap the masked wrapped optical phase map using the PhascVision 
unwrapping software (Figure 23), to create an unwrapped optical phase map. 
Calculate and generate a first displacement derivative rnap from the unwrapped 
optical phase map utilising (Eq. 5) (Figure 24). 
Integrate the first displacement derivative map to obtain the displacement field 
rnap either in the X or Y axis direction (Figure 25). 
Save both the displacernent derivative, and the displacement maps In Excel fon-nat 
files, in order to be used for FE validation of the object model for design 
optimisation and improvement, or to be compared with measurement data 
obtained using other techniques. 
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Figure 23: Noise daut was masked around the valid data ill the unwrapping process 
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Figure 24: First displacement derivative map generated by the MATIAB rn file algorithm 
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3.6 Data Processing 
3.6.1 Optical Phase Shifting Technique (Wrapping) 
While the fringe pattern describes the surface displacement derivative of the object; the 
direction of the deformation, towards the optical setup or away, can only be detected with 
the determination of the optical phase (0). This is commonly achieved by application of 
phase shifting techniques. 
The optical phase shifting technique is a method that determines the optical phase 
distribution of a fringe pattern or an interferograrn from the measured intensities. It is 
based on the shifting of a known additional phase in one of two beams, which interferes 
each other [18]. Optical phase shifting methods are used to allow for unique evaluation 
of full-field deformations. 
The optical setup for ESPSI phase shifting technique is illustrated in Figure 12, where a 
PZT is used to allow adding a known phase shift to the random optical phase (0). Three 
images are recorded in a temporal manner, using different known phase shifts (0,270, 
27E) for the SSS. Subsequently, the optical phase angle (0) can be calculated utilizing the 
following equation (421. 
q 11 _I3 
tan-' 
1,3 
212 -1, -13 
(Eq. 8) 
where 1,, 12,13 describe the intensities at point (x, y) of the image plane in accordance to 
the additional applied phase shift [18]. By calculating the random optical phase (0) 
before and after the loading (0), and then subtracting the two random optical phase maps 
from each other, thus leads to the calculation of the relative optical phase change map 
(A). 
A= 0, -0 (Eq. 9) 
The calculation of (A) enables the calculations of the displacement derivative 
components (ctwlax andaulax) or (Owlo'y andav/qv) [181, utilizing (Eq. 4). The 
optical phase stepping algorithm is one of many developed over the last thirty years (42, 
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152], and has been selected as a compromise between duration of image acquisition, 
versus accuracy of data calculation. A four image algorithin would be slower but more 
accurate, a two image algorithin faster, but less accurate. 
Figure 20: Fhrcc phase stepped images ,, Iio%N ing the chmige ill 
the position ofthc fringe order for the SCP 
FW'LlIC I-T NLiAcd %ýrappcd optical ph&,, k: map from 
thc threc fringc patterns unagcs in Figure 26 
3.6.2 Masking 
Identifying bad or erroneous pixels and filtering ot'the wrapped optical phase rnap prior 
to unwrapping becomes an important part of' the analysis procedure. All image mask, 
generated by thresholding a white light image of the test surface over a dark-background, 
for example, is often used to identify SUrface boundaries and those regions with low 
retlectivity. This masking process often produces isolated regions within the image that 
can be unwrapped successfully; however, the unconnected zones do not share a common 
optical phase origin. Manual intervention is therefore required to produce a consistent 
solution [ 153]. 
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3.6.3 Optical Phase Unwrapping 
Optical phase unwrapping is the process by which the absolute value of the optical phase 
angle of a continuous function that extends over a range of more than 271 (relative to a 
predefined starting point) is recovered [42] (Figure 28). This absolute value is lost when 
the optical phase term is wrapped upon itself with a repeat distance of 271 due to the 
fundamental sinusoidal nature of the wave functions used in the measurement ofphysical 
properties. For the SSS, this is seen as the black/whitc Jumps on tile wrapped optical 
phase map "Fringe pattern". 
The development of unwrapping techniques is a very significant optical engineering 
research discipline in its own right. The research project represented here has therefore 
only used an optical phase unwrapper as a tool, and no attempt has been made to further 
develop the unwrapper used, or initiate research into optical phase unwrapping. 
initial experiments were performed using the linear optical phase unwrapper supplied in 
MATLAB, but these produced very noisy unwrapped optical phase maps due to the 
corrupting influences of the original noise terrns in the core data. The unwrappcr used for 
this research was commercial and developed by PhascVision Ltd. (part funded by the 
DTI/LINK project), and is based on branch-cut techniques [ 150,151 ]. This proved to be 
very robust, but did provide an error profile rnap of discontinuities if needed. 
Furthen-nore, no development of optical phase stepping algorithm was attempted for 
exactly the same reasons. The algorithm selected was used as a sufficiently adequate tool 
to process the data generated during the research. 
I iguic 28i Uim r, q)pc(f oplic, il phasc map ol Ilic 
wrappcd optical phasc map in Figurc 27 
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3.6.4 Combination of the Two Displacement Derivative Components 
The SSS was designed ideally to be used with one lateral shear applied at a time. 
Consequently, it would produce partial derivative data in the X axis direction, or partial 
derivative data in the Y axis direction. To develop a complete displacement derivatives 
map, then the partial derivatives need to be combined in quadrature [127]. 
It should be emphasized that to add or subtract the two derivative components they should 
have the same lateral shear directions. However (Owlax) and (ONv1q) do not have the 
same directions. The different lateral shear directions create an additional problem for 
addition, because the centre points of the two images do not correspond with each other. 
To solve this problem, the data (c'w1c1x) was shifted in the X axis direction by a distance 
of half the lateral shear magnitude (&/2) in the negative direction, the term (O'W/o'Y) was 
treated in similar manner and shifted in the Y axis direction by distance of (c5y12) in the 
negative direction [ 18], as illustrated in Figure 29. 
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Figure 29: Shifting the centre points of the two displacement derivative maps 
caused by the different lateral shear directions [ 18] 
It should be noted that the addition process (in quadrature) was completed by writing the 
integrated displacement maps in excel format and then adding this two files together 
using MATLAB. 
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3.7 Conclusions 
A Shearographic Sensor System based on the Michelson shearing interferometer was 
designed and developed to measure stress/strain and displacement derivative resulting 
from applying a static load to static objects both within laboratory or industrial 
environment. 
The design of the SSS was constrained to several issues within the Test House at DABS, 
which were discussed within this chapter. These were due to the design and layout of the 
wheel testing machine. Minor modifications to the testing machine and work 
environment were completed in order to operate the SSS efficiently and to produce good 
quality data. 
The SSS operates on the principle of illuminating a surface of an object by a collimated 
laser beam and capturing an image of the illuminated area before loading (reference), and 
then capturing another image after loading, and subtracting it from the reference image. 
The loading causes the object to deform and consequently changing the optical phase 
patterns incident on the object. This change is measured by the SSS, by applying the 
optical phase stepping and the unwrapping techniques; and by further data processing and 
manipulation, the deformation field can be calculated. 
The SSS had been designed using the 3D CAD software to generate the drawings of the 
mechanical parts, which were manufactured at the department's mechanical workshop. 
The optical components were sourced from appropriate suppliers, this was in conjunction 
with the hardware and software, which were used to acquire and process the data. The 
SSS was routinely used successfully both within the laboratory at LU and the Test House 
at DABS, to produce good quality and valid data, which was used for wheel design 
validation at DABS. This is reported in the following chapters. 
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4 Laboratory Experiments 
4.1 Introduction 
T he aim of this chapter was to discuss the experiments in the laboratory, which 
was designed to highlight aspects of the SSS, its application to solid mechanics 
analysis, and to investigate its use in a very controlled environment such as the 
optical metrology laboratory at LU. This would then allow the generation of repeatability 
and reliability statements for the SSS. Transferring the instrument into the industrial 
environment (where there were significantly more noise terms) would allow comparison 
of results obtained in the industrial environment with those obtained in the laboratory. 
This chapter therefore concentrates on the controlled environment experimentation. 
Section (4.2) discusses the experimental setup of the SSS and the SCP in the optical 
metrology laboratory at LU. 71iis includes a brief description of the SCP, its design 
features in addition to the experimental parameters, layout and the surrounding 
laboratory's environment. Section (4.3) introduces basic experiments on the SCP using 
collimated laser illumination and applying a small displacement, this includes 
demonstrating the stages or the procedure for processing the data, and the calculation of 
the relative displacement maps for both lateral shear directions Horizontal and Vertical (H 
& V) . The section ends with an illustration of combining the two displacements 
components to obtain the total relative displacement measured by the SSS. Section (4.4) 
is a repetition of the experiments in Section (4.3) using non-collimated laser illumination. 
This is to measure the absolute displacement of the SCP resulting from the displacement 
applied. 
Section (4.6) discusses repeatability tests, which were carried out on three consecutive 
days in order to study the repeatability issues of the SSS at the laboratorial scale. This 
included lateral shear variation tests to identify the most appropriate lateral shear value to 
be used for laboratory experiments (Section 4.7.1); and further repeatability tests and 
analysis to identify the repeatability of the SSS using both collimated and non-collimated 
laser illumination in order to identify if the same deformation was obtained in each 
displacement case (Section 4.7.2). Comparison between the measurements using 
collimated and non-collimated laser illumination was completed in Section (4.7.3), 
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identifying the major advantages and disadvantages of using collimated and non- 
collimated laser beam. 
The process of validating and calibrating the SSS measurements on the SCP, using an 
alternative measuring method (Linear Variable Differential Transducer (LVDT)) is 
discussed in Section (4.6); while the introduction of the pulsed SSS is discussed in 
Section (0), justifying the need for the pulsed SSS, and highlighting its advantages and 
disadvantages over the SSS (which is a current wave system) demonstrated by series of 
experiments. The chapter concludes with a summary section (4.9) identifying the main 
purpose of the chapter and summarizing the major issues discussed in each section. 
4.2 Experiments Setup 
The laboratory experimentation was designed to provide a controlled reference set of data 
in terms of measuring instrument performance. The test object was a Square Clamped 
Plate (SCP) made of aluminiurn alloy of 150mm. nominal dimension and Imm. thickness 
(Figure 30). The SCP abbreviation used in this study refers to the active area of the plate 
where the displacement was applied. The SCP was used in this experimental work 
because it was very well constrained and understood. 
The SCP was deformed at the centre of the back using a Mitutoyo Series I 10 differential 
micrometer, with 0.1ýtrn resolution and 1.5ýtm stated accuracy for one complete barrel 
revolution (50ýtm) as shown in Figure 31. Verification of the SCP displacement 
derivative profile and displacement was achieved using a grid of LVDT data points. All 
equipment were mounted on an air-damped vibration isolating table, within a temperature 
controlled laboratory (maximum drift ±IOC/hour). 
The stationary experiment parameters were as follows: 
Collimated laser illumination of 98mm, in diameter. 
The distance between the SCP and the SSS head was 850mm. 
The illumination angle (&) between the viewing axis and the illumination axis was 
7.5', so the SSS sensitivity was predominantly set for OOP displacement 
derivative measurement. 
The lateral shear direction was set to be horizontal in one experiment and vertical 
in the other. 
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Figure 30 (left): Front view of the SCP, sprayed with a white developer, to improve laser beam reflection 
Figure 31 (right): Rear view of the SCP, showing the fitted micrometer in the centre at the rear 
The experimental set-up for the SSS and the SCP is shown in Figure 32. The SSS was 
laterally sheared with respect to the X axis by 5.1% of the object illumination diameter 
(5mm) and 10.2 % (10mm). Analysis was also separately completed for the vertically 
sheared component using these lateral shear values. Displacement of 5Pm was applied at 
the SCP centre using the differential micrometer. 
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Figure 32: OOP set-up configuration for the SSS and the SCP expenment at LU's laboratory 
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4.3 Collimated Laser illumination Experiments 
The first set of experiments was set for 5mm Horizontal lateral shear with Collimated 
laser illumination (5HC) as shown in Figure 33. The applied displacement was 5gm 
absolute displacement caused by the micrometer at the back of the SCP. The resultant 
subtraction correlation fringe pattern obtained is shown in Figure 34. 
Figure 33: The SCP illuminated by collimated laser beam 
Figure 34: Fringe pattern of the SCP obtained firoin applying 5pm displacement, and under 511C 
In order to obtain the wrapped optical phase map the phase stepping process (Section 
3.6.1), was introduced by capturing three consecutive images of the fringe patterns, 
which were processed to produce the wrapped optical phase map shown in Figure 35. 
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Figure 35: The wrapped optical phase rnap ofthc fringe pattcrn in Figure 34 
The wrapped optical phase map required further processing (Section 3.6.3) in order to 
remove the 271 modulo phase jumps and reveal the continuous unwrapped optical phase 
map (Figure 36). 
FIgUic 30.111 CUII %ý IýI I) I )C( Ik )I It ICII I) IItk"CIIiýI I) Ik )I II ý'ý LIIC Ilig 
Oic grcy scalc graduation from whitc to black 
The unwrapped optical phase map then required calibrating to generate a 2D/3D colourcd 
mesh ot'thc first displacement derivative, as shown in Figure 37. 
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Figure 37: First displacement derivative map of the SCP under 5HC and 5pm displacement. The number 
on the map represents the maximurn relative first displacement denvative value 
The displacement derivative map was then subjected to further processing and numerical 
integration in the X axis direction in order to obtain the relative displacement map of the 
SCP, which is shown in Figure 38 and Figure 39. 
Figure 38: 2D Relative horizontal displacement map of the SCP. The munber on 
the map represents the maximum relative displacement value of the SCP 
68 
CHAPTER 4 
A theoretical analysis of the SCP deformation would show that the maximum value 
attributable to a 5ýtrn displacement should be higher than the results displayed in Figure 
38 and Figure 39. (It should be mentioned that in these two figures that the X and the Y 
axes are not showing the dimension of the studied area due to sub-sampling of the data) 
the This is a function of the restrictions imposed by the collimated illumination, which 
produced a restricted analysis area of 98mm. diameter on the SCP. However the SCP 
width is greater than 98mm, consequently, the SSS measures a portion of the SCP 
movement, termed the relative deformation, not the absolute deformation (the full range 
of the SCP movement from plate boundary to boundary). These issues were all taken into 
consideration when calculating the displacement map generated by the unwrapped optical 
phase map using the MATLAB software algorithm. It should be noted that this is a 
critical issue in the use of ESPSI or other optical methods with collimated illumination. 
Conditioning of the object illumination will avoid significant errors as a function of 
spherical wavefronts [62,63,121], but as identified may cause the interferometer to only 
measure relative deformation, unless the object boundaries are within the collimated 
illuminated area. Consequently, the total deformation of the object will not be known, 
unless one of several approaches is used. Firstly, the optical transducer (SSS) could be 
sequentially scanned across the object, and the individual results field stitched together. 
Secondly, real-time fringe tracking, spatial optical phase detection techniques, or pixel 
based temporal optical phase unwrapping could be introduced into the fringe analysis 
hardware/software [42,154]. Alternatively, for situations where there is no initial 
quantified deformation input into the object, a point transducer (LVDT, laser 
displacement probe, capacitance probe etc) could be used as an additional sensing 
element to provide an absolute reference point [155], from which the wholefield data can 
then be referenced. 
As well as the 3D displacement mesh being generated, an Excel file of the data values 
was produced in order to feed into a DABS generated FE model of the SCP for design 
validation and measurements comparison. 
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Figure 39: 3D mesh of the relative horizontal displacement map for the SCP, 
showing the peak pomt with maximum displacement 
This experiment was repeated under the same experimental condition for the lateral shear 
case of 5VC. This was to calculate the vertical displacement derivative component by 
altering the lateral shear direction into the vertical orientation and then combining it in 
quadrature with the horizontal displacement derivative component in order to calculate 
the total relative displacement. A result of the experiment (subtraction correlation fringe 
pattern) is shown in Figure 40. 
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In the 5VC experiment, it was found that the fringe pattern orientation had changed in 
comparison to the 5HC experiment in Figure 34; this is due to the change orthe lateral 
shear direction. In a similar manner to the 5HC experiment, phase stepped images were 
acquired and processed in order to calculate the wrapped optical phase map which is 
shown in Figure 41. This was subsequently unwrapped to show the complete optical 
phase profile (Figure 42). 
I iguic -11,1 lic \kiappcd optical pha, c 111,11) )1 Ific filiqgc paticril III I iplic . 10 
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Figure 42: UnNwapped optical phase map Figure 41 
The first displacement derivative map was calculated (shown in Figure 43), which was 
then integrated to obtain the relative vertical displacement map, (presented graphically in 
Figure 44 (213) and Figure 45 (3D) respectively. 
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Figure 43: First displacement derivative map of the SCP 
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Figure 44: 2D relative vertical displacement map 
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Figure 45: 3D mesh of the relative vertical displacement map for the SCP, 
showing the peak Point with maximum displacement value 
x 1O6 
73 
CHAPTER 4 
Calculating both displacement components is vital if one wishes to calculate the total 
relative displacement. Calculating one derivative only, will not correctly identify the 
actual displacement of the SCP, hence the need to combine the two displacement 
components (Figure 39 and Figure 45). 
The result of adding these two components in quadrature is a new 3D graph, which 
represents the total relative displacement of the SCP, as shown in Figure 46. By 
calculating the displacement values, it was found that the total maximum relative 
displacement value was 4.2pm, which was close of the applied displacement of 54m. 
The difference (0.8gm) was a function of the displacement value between the 
circumference of the collimated beam and the SCP boundary, and experimental error 
sources, and variations. 
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Figure 46: Ile total relative displacement map of the SCP, resulting from 
combining the two displacement components together 
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4.4 Non-Collimated Laser Illumination Experiments 
Using a non-collimated laser illumination beam to Study the object dclorniaton has tile 
advantage that it can illuminate a larger area in comparison to the collimated illurnination 
where it covers a firnited area of 98nim diameter in this case. However, it has previously 
been demonstrated [62,121] that use of non-collimatcd laser illumination can ]cad to 
additional error terms and contributions. To investigate this phenomenon, a set of 
experiments were carried out on the SCP using a non-collimated laser beam to illurninate 
the SCP (150 x 150mm, Figure 30), with lateral shear value of 5rnm in both directions 
(5HNC and 5VNQ. The aim was to measure the displacement components resultant from 
applying a 51im displacement to the SCP, using the SSS. 
The experimental setup and conditions were identical to the ones identified in Section 
(4.2). The acquired subtraction correlation fringe pattern shown in Figure 47 were 
processed using the same procedures described in Section (4.3), leading to the generation 
of a 2D mesh plot of first displacernent derivative data (Figure 48), and subsequently 
integrated displacement component (Figure 49). This Nvas then repeated tor tile vertically 
sheared component (Figures 50-52). 
Figurc47: I-rnigc pýittcrn from thc S(T undct 51 INC, and ', pm displaýcmcn I 
75 
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Figure 48: First displacement derivative of the SCP under 5HNC 
Y a)ds (mm) axis (MM) 
Figure 49: 3D mesh of the absolute horizontal displacement map for the SCP, 
showing the nuodmurn displacement value of the peak point 
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Figure 50: Fringe pattern fi7om the SCP under 5VNC, and 5pan displacement 
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Figure 52: 3D mesh of the absolute vertical displacement map for 
the SCP, showing the displacement value of the peak point 
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Figure 53: The total absolute displacement map of the scp 
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4.4.1 Results Analysis and Discussions 
By analysing and studying the results for the total displacement maps in both cases 
(collimated and non-collimated (Figure 46 and Figure 53)), it was found that the 
maximum value for the total displacement in the non-collimated case (4[tm) was slightly 
less or smaller than the one in the collimated case (4.2ýtm) although the same 
displacement was applied (5ýtm). Theoretically the non-collimated case should give 
larger measurement value in comparison to the one in the collimated case. This was 
because the non-collimated illumination covered the whole of the SCP, and hence it 
measures absolute displacement rather than relative one as in the collimated case. 
A logical interpretation to this phenomena would be relying on the findings of Abdullah 
et al [62,12 1 ], which demonstrated that using non-collimated laser illumination generates 
additional error sources and contributions, which decrease the accuracy of the 
measurement, and hence although the non-collimatcd illumination measures the absolute 
displacement, which was supposed to be larger than the relative one for the collimated 
case (under the same experimental and loading conditions), it was slightly smaller due to 
the issues identified above. 
4.5 Identiried Error Sources 
Random and systematic errors were existed while the experiments were carried out. 
Those sources could be identified as follow where random errors are identified with the 
letter (R) while the systematic ones are identified with the letter (S): 
4.5.1 SSS error sources 
I- PZT errors (S), this is due to non-linear movement, hysteresis backlash, and 
applied voltage error. 
2- Image processing errors, these could be identified as 
" Camera aspect ratio error (S). 
" Optical phase calculation error due to the approximation in Eq4 (S). 
0 Displacement derivative integration errors (S). 
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Data sub-sampling errors (S), due to the large number of data cells produced, 
which data manipulation software (MATLAB) is difficult to handle. 
" Data combination errors (S), due to quadrature approximation. 
" Camera noise error (S). 
" Random general noise and error sources (R). 
3- Optical errors: 
" Applied lateral shear error (S), due to human errors due when applying the 
lateral shear; error. 
" Illumination angle errors (S). 
" Viewing axis errors (S). 
" Laser wavelength error (S). 
4.5.2 Loading errors 
These are errors resulting from applying the displacement on the plat: 
0 Micrometer backlash and hysteresis error(S). 
9 Human error (R). 
4.5.3 Surrounding environment errors 
" Temperature variation error (R). 
" Humidity error (R). 
" Vibration and movement errors (R). 
" Mass air movement error (R). 
It should be noted that it could be more errors which could not identified, and that the 
majority of the identified errors could not be quantified during this research study, this is 
due to time constrains and to limited resources available. Estimation of the errors was 
used to plot the error bars in some cases, this was varied in some cases dependant on the 
experimental conditions at the time. 
80 
4.6 Linear Variable Differential Transducer Measurements 
The aim of this test was to measure the displacement resulting from applying a 
displacement on the SCP in a cross section of the SCP using an alternative technique, and 
to compare the results with the SSS measurements under the same laboratory conditions. 
The tests were carried out by applying a displacement of logm to the centre of the SCP 
and then placing the Linear Variable Differential Transducer (LVDT) probe on the 
marked points across the SCP, with a separated distance of 5mm between each point. A 
maximum number of 18 points in X axis direction and 18 on the Y axis direction as 
illustrated in Figure 54. 
Figure 54: The LVDT system, measunng the actual displacement 
at the centre of the SCP, with a digital display unit 
The measurements were repeated three consecutive times for each point and then the 
average values of the displacement were calculated. The results were presented 
graphically (Figure 55 and Figure 56) showing the general trend of the displacement for 
the SCP on loading. These measurements provided absolute values for the displacement 
and its direction, which occurred during the loading on the SCP. This information again 
helped to calibrate the numerical data obtained by the SSS and to give an actual 
measurement of the SCP displacement. 
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Figure 55: Displacement profile along the X a)ds of the SCP under I Opm displacement using the LVDT and the SSS 
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Figure 56: Displacement profile along the Y a)ds of the SCP under lOpm displacemenL using the LVDT and the SSS 
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Further measurements were taken on the SCP by applying the same displacement, using 
the SSS illumination (Figure 57), and in order to compare the SSS measurement with the 
LVDT ones, vertical and horizontal midsection of Figure 57 were plotted on the same 
LVDT measurements (Figure 55 and Figure 56). It was found that the SSS measurement 
correlates very well and to a large extent with the LVDT ones. The SSS measurement 
was 6.6gm for the peak displacement in the centre of the SCP. The LVDT measured was 
9.8ýtm. Taking into account that the LVDT measured absolute displacement and that the 
measurement at the beam circumference was 3ýtm, this left 6.8pm for the area from the 
illuminated circumference to the maximum point as previously shown in Figure 55 and 
Figure 56. Hence the SSS recorded a peak displacement, which was 98% accurate in 
reference to the LVDT measurements. 
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Figure 57: Total combined displacement profile of the SCP by applying I Opm central loading. Note the numimurn value 
of the displacement represents 98% of the actual value measured by the LVDT system 
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The differences in the measurements were due to the variations, accuracy, disturbance, 
and errors during the numerical processing. However, it should again be noted that the 
measurements were completed at the lower end of the LVDT measurement range and 
may still have been prone to excessive experimental errors, and the error of the Mitutoyo 
micrometer should also be noted. 
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4.7 Repeatability Tests on the SCP 
4.7.1 Lateral Shear Variation Test 
The aim of this section of the research was to study the repeatability and reliability issues 
of the SSS, and to identify the most appropriate lateral shear value to work with. This 
involved studying the behaviour of the SCP using the following parameters: 
" Three constant lateral shear values of 5mm, 7.5mm, and 10mm. 
" Horizontal and vertical lateral shear directions. 
" Collimated and non-collimated illumination for ten consecutive times for each 
shear value. 
9 Normal displacement of 5ptrn in the centre of the SCP. 
Repeating the test three consecutive times on three different dates in order to study 
the variation. 
Experimentation concentrated on loading and unloading the SCP in Sgm increments, 
whilst recording optical phase stepped speckle shearing interferograms. Displacement 
unloading of the SCP back to zero (no displacement) allowed identification of any 
micrometer hysteresis or backlash errors. Loading and unloading operations were 
completed ten times per day on three different days, and the results were tabulated and 
graphically analysed. Repeatability statistics were determined through corrected standard 
deviation calculations. 
The tests were carried out for the three lateral shear values in both directions, which gave 
six sets of results on each date, totalling of hundred and eighty data sets for the three sets 
for the collimated illumination case, and another hundred and eighty sets for the non- 
collimated illumination case, giving a total of 360 data sets as illustrated in Table 1. The 
gathered data for each lateral shear value were subjected to further numerical processing 
and integration as described earlier in Section (4.3), this was in order to obtain the 
displacement measurement results measured by the SSS, and then presenting them 
graphically (Test No. v Displacement Value), (Figures 59-61) 
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Lateral Shear HC vc HNC VNC 
5 mm 10 x3 10 x3 lOx3 lOx3 
7.5 mm lOx3 10 x3 lOx3 lOx3 
10 mm 10 x3 10 x3 lOx3 10 x3 
Total experiments 180 180 
Table 1: Repeatabihty expermients carned on each day, for dwee consecutive days 
Wholefield results of the tests were analysed graphically to show samples of the data in 
each test, as shown in Figure 58. The abbreviation IOHC, IOVC, IOHNC, and IOVNC 
indicate the test conditions. 
The Repeatability data was generated by consistently taking a maximum value from a 
region of maximum displacement from the OOP displacement derivative component data 
as recorded (and integrated) by the SSS. It was very important to make sure that the 
maximum value for each experiment was taken from the same area in order to avoid any 
misleading analysis. 
IOHC 
..: 
Ilqm 
Figure 58: Repeatability Tests: Samples of the 2D graphs of the OOP first 
displacement derivative of the SCP under 5tun displacement 
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This was achieved by generating a common line integral technique within MATLAB to 
process data-sets, which involved generating a sub-matrix, which consistently overlay the 
region of peak plate displacement derivative, and then interrogating the sub-matrix to 
obtain the maximum value. This method of interrogation is very reliable in the SCP case; 
because the object does not exhibit any discontinuities disrupt the integration process. 
However, this method is only reliable when dealing with non-interrupted data. If the data 
contains a data void or region, then the integration result is disrupted and false values are 
generated after the void. Note that the square in the centre of each graph Figure 58 
represented the area where the integrated displacement values were selected as the 
maximum point. 
The obtained displacement values for each lateral shear value were then averaged and 
represented graphically, as shown in Figures (59-60). The ideal graph shapes for each 
case should be a straight horizontal line, but due to the disturbances, variations and error 
sources; variation among the graph lines were found. Statistical analyses were performed 
on the data; in order to compare the results, by calculating the Standard Deviation (SD) 
for each graph in the figures. 
5, OOE-06 
4,75E-06 
4.5DE-06 
4.25E-06 
4. ODE-06 
3.75E-06 
3.50E-06 
I 
A 3.25E-06 
3. OOE-06 
2.75E-06 
2.50E-06 
ZZE-06 
2, ODE-06 
0 
. . 
.A SS 
SS 
* 
. 
0 0 
I 2 
I 
. 
0 0 
0m 
3 4 
Ted Nm 
. 
7 
6 
8 
. 
. 
11 9 10 
0 5HC. SD: 1.04e-7 * 7.5HO, SD--7.969-8 0 IOHC. SD-- 2979-8 5HNC, SD=1.610-7 * 7.5FM SD-9.574o-8 * 1OHNC, SD-7 860-8 ý 
Figure 59: Lateral shear variation test for HC and HNC showing displacement values of the SCP for 5pm displacement. 
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Figure 6 1: Lateral shear variation test showing the mean displacement values of the SCP under 5pm displacement 
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By analysing and studying the measurement results for the three lateral shear values 
presented in Figure 61 and the summary data in Table 2. It was found that average 
displacement value measured by the SSS varicd for each lateral shear value although the 
same displacement was applied in all three cases (5ltm). 
Lateral shear HC vc HNC VNC 
5mm 3.29E-06 2.72E-06 3.28E-06 3.47E-06 
7.5 mm 2.90E-06 2.98E-06 3.46E-06 2.92E-06 
10 mm 2.74E-06 2.62E-06 3.20E-06 I 3.82E-06 
Tablc 2: Mcan value of displaccinctit nicasured using different instrumcnt parainctcrs 
This suggested that changing the SSS sensitivity produced variation in the measured 
results for the same loading conditions. This proposed that although the main ESPSI 
equation (Eq. 4) compensates for the lateral shear value and that tile same measurement 
values should be obtained although the sensitivity is changing; this is because the number 
of fringe pattern displays changes according to the lateral shear value. The reality is that 
by decreasing the sensitivity, the SSS will be desensitiscd to small displacement 
measurement such as the 5[im; this leads to less accurate results. In this case the SSS will 
be more suitable for measuring larger loads if the 5mm lateral shear used. 
In the case of I Ornm lateral shear, the SSS sensitivity increased to double tile 5111111 lateral 
shear case and consequently the SSS measurements accuracy increased and improved tile 
data quality; hence may be more accurate in comparison to tile other two lateral shear 
values (51-nm and 7.5mm), although higher order partial derivatives may become a factor. 
To further investigate this issue, statistical analysis on the graphs was perforn-led by 
calculating the SID for each graph and then comparing thern with each other (Table 3). 
The SID is defined as a measure of how widely values are dispersed from the average 
value [ 156], this definition leads to the statement that the smaller SID is, the smother is the 
graph and consequently the closer the measurements results are to the incan valuc. 
Lateral shear HC vc HNC VNC 
5mm 1.04E-07 1.04E-07 1.61 E-07 1.40E-07 
7.5 mm 7.96E-08 9.85E-08 9.57E-08 6.06E-08 
10 mm 2.97E-08 6.09E-08 7.88E-08 9.24E-08 
Tabic 3: Standard Dcviation for the three iniplenictited lateral slicar valucs graph, 
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From studying the SID for the graphs of the lateral shear values (5,7.5, and 10mm) in 
Table 3. From the three lateral shear cases (HC, VC, and HNC); it was found that the 
10mm lateral shear value has the smallest SID. This identified that the measurements at 
this lateral shear value were closer to each other in comparison to the other two values 
and hence potentially more repeatable. It should be reminded that the SSS measured 
relative displacement in this case and not absolute, hence the results were smaller than the 
applied displacement of 5[tm. However; studying the average displacement 
measurements and the SID in Table 2 and Table 3 respectively, it was found that in the 
case of VNC that the 7.5mm lateral shear value had the smallest SID. Although this 
suggests that this lateral shear value has the most accurate measurements, this could be 
true only in this specific case due to a systematic human or technical error when acquiring 
or processing the data. 
In conclusion to the conducted experiments, this demonstrated that l0mrn lateral shear 
value produced best repeatability range compared to the other lateral shear values. Hence 
it was decided to implement this value during the subsequent tests, both in the laboratory 
and the industrial workplace in the coming chapters. 
4.7.2 Repeatability Tests for Collimated and Non-Collimated Laser 
Illumination 
The aim of'this test was to study the repeatability and reliability issues of' the SSS using 
collimated and non-collimated laser illumination in a very controlled laboratorial 
environment to identify ifthe same deformation was obtained for each displacement case. 
To study these, further analysis on the SCP data from Section (4.7.1) were completed, for 
the cases I OHC, I OVC, I OHNC, and I OVNC as illustrated in Table 4. 
Lateral Shear HC vc HNC VNC 
10 mm lOx3 lOx3 10 x3 10 x3 
Total experiments 60 60 
Table 4: Dala cxpcrimcnts used in this test 
The data for the three tests were all analysed, averaged and presented graphically oil the 
same chart (Test No. v Displacement value); this was to enable comparison to be made 
among the graphs and to identify the repeatability range for each case (Figures (62-64). 
The ideal graph shape for each set of tests should be a straight horizontal line, but due to 
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the disturbances, variations and error sources identified previously, the graphs shapes 
were not straight in some cases. 
The repeatability of results of measurements is defined as "closeness of the agreement 
between the results ofsuccessive measurements of the same measurand carried out under 
the same conditions of measurement". [ 157], and statistically means (Mean value ±2SD). 
By analysing and studying the graphs in Figures (62-64) and statically analysing the 
results in Table 5, it was found that in the I OHC, 10VC, and lOHNC case that Test 2 had 
the lowest SD values in comparison with the same cases in Test I and Test 3. In the case 
of I OVNC only, it was found that Test 3 had the lowest SD in comparison with Test I and 
Test 2. It should be reminded that Test 1, Test 2, and Test 3 were completed separately 
on three consecutive days. This proposed that on day 2, the testing environment in the 
laboratory was quieter with less disturbances, variations and error sources (Section 4.5) 
interfering with the experiments in comparison to day I and day 3 for those three cases of 
I OHC, I OVC, and I OHNC. 
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Figure 62: Repeatability Test: Displacement of the SCP under lOHC and IOVC for 5pm displacement 
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Figure 63: Repeatability Test: Displacement of the SCP under IOHNC and IOVNC for 5pm displacement 
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Figure 64: Repeatability Test: Mean displacement values of the SCP under 51im displacement 
Show Type IOHC(M) lovC (M) IOH"C (M) IOVMC (M) 
Mean Value 2.74E-M 2.67E-06 3.21 E-06 &95E-06 
so &29E-00 1.39E-07 1.19"7 2.26E-07 
Repeatability Range INE-0 2.53E-06 3.09E-06 &62E. 06 
with 95% 
Confidence Umit 2. BIE--06 2. SIE-06 &33E-06 4,07E. 06 
Repeatability Range 1.26E-07 2 77E-07 2.37E-07 4,53E-07 I Amniltude 
Akan Value 2.72E-0 2.57E-06 & ME-06 &87E. 06 
SID 4.97E-08 7.67E-M 3.89E-W 1.97E. 07 
Repeatability Rang* 2.67E-06 2.501E-W &IOE-06 &67E46 
with 95% 
Confidence Umtt 2.77E-06 2.65E-00 &ISE-06 4.0GE-06 
-peotabillty Range - 9 93E48 I 
-53E-07 
7.79E-09 &94E-07 
I AMDlftude . 
Mean Value 2.75E-08 263E-06 3.25E-06 3.75E-06 
so 7.74E-M 1.36E-07 1.93E-07 1.64E-07 
Ittpostablitty Range 2.67E-06 2.49E. 06 3.06E. 08 &58E46 
with 95% 
Confidence Urnit Z02E-M 2.77E-06 3.45E-06 3.91E-06 
-Rip-649ftabbity Range 1.55E 7 2.72E-07 3.07E-07 &29E. 07 ArnDlitude 
Man of the mean 2 74E-M 2.62E-06 &20E-06 &92E-06 for the 3 tests . 
3D of the Mean 2.97E-M 6.09E-00 -09 T. UE 9.24E-00 
Repeatability 2.71 E-06 2.56E-06 3.12E-08 &73E. 06 
Range vAth 95% 
Confidence Limit 2.77E-08 2.11SE-06 3.29E-06 &91 E-011 
Repeatability Range 5.95E-09 1.22E. 407 1.50E-07 1.05E-07 Amplillude 
Table 5: Repeatability test data analysis and sumnuay for displacement of the SCP using collimated 
and non-collimated on and 10mm lateral shear in horizontal and vertical directions 
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However, in comparing the SD for I OVNC among the three days of experiments, it was 
found that the SD difference was very small between day 2 and day 3(0.3 3x 10-7), which 
could be ignored in this case in comparison to Test I and consider that day 2 had the best 
results performance. However, on the days of the experiments, it was recorded that on 
day I and day 3, there were heavy construction and building work with heavy machinery 
in operation nearby to the laboratory where the experiments were conducted, this was in 
addition to additional people movement around the laboratory area, which might have 
influenced the results of the experiments and caused more variations in the measurement 
results. This suggested that any disturbances, vibrations, mass air movement, people 
movement within the laboratory area or nearby can easily affect the SSS measurement 
results and reduce the repeatability range of the system. 
In order to draw a statement of repeatability for the SSS, and relying on the definition 
mentioned earlier, the repeatability range was calculated for each lateral shear case. It 
was found that on day 1, IOHC had the highest repeatability range (the lowest value), 
while on day 21 OHNC and on day 31 OHC. Generally the repeatability of the SSS had its 
best performance in the case of IOHC, followed by IOVC, and then lOHNC and finally 
1OVNC. However these results do not mean that the SSS should only be used under 
condition of lOHC, because the variations and the statistical analysis among the graphs 
were relatively small, and it was only in this specific case of laboratory conditions that the 
SSS produced these results. The results of the repeatability rating might change if 
experimental and laboratory conditions change. 
4.7.3 Collimated versus Non-Collimated Laser Illumination 
Repeatability Test 
The aim of this test was to study and analyse the measurements of collimated laser 
illumination versus non-collimated laser illumination to identify whether changing 
illumination influences the results and then to enable comparison of the results between 
the two cases. To study these; further analysis on the data from Section (4.7.2) were 
completed and presented graphically in Figure 65 and Figure 66 (Test No. v 
Displacement value), this was for the cases (I OHC vI OHNC, and 1 OVC vI OVNQ. This 
helps to identify issues of the reliability of the SSS within LU laboratories. Statistical 
analyses were completed as well on the numerical processed data for each case; these are 
shown in Table 6 for each lateral shear case of the integrated displacement data. It should 
94 
CHAPTER 4 
be noted that the data represented in the mentioned figures are the mean values of the 
three relative tests for both cases (collimated and non-collimated). 
By analysing and studying the results presented in the graphs (Figure 65 and Figure 66) 
and in Table 6, it was found that in both lateral shear cases that the graphs shapes were 
not as linear as they should ideally be; variations among the graphs were present due to 
the reasons identified previously in Section (4.7.1). However it was noticed that the non- 
collimated illumination graphs had higher measurement values than the collimated ones 
for the same lateral shear value as was demonstrated previously [62,121]. This was 
because the non-collimated illumination covered the whole area of the SCP, while the 
collimated one covered only portion of it ((D = 98mm), this meant that the non-collimated 
illumination measured absolute displacement while the collimated measured relative 
displacement and because the area of the non-collimated illumination was larger (150 x 
I 50mm) than the collimated one. 
However, it was logical and expected that the non-collimated illumination measurements 
to be larger than the collimated ones for example in the horizontal case 
(I OHNC= 3.2 x 10-6 M, I OHC= 2.74 x 10-6 M) and (IOVNC=3.82 X 10-6 M, 
IOVC=2.62x 10-6 m) as illustrated in Table 6. It was noticed that in both cases although 
the applied displacement was 5gm, the measurements results were less than the applied 
displacement; again this was a function of the error sources and variation identified 
earlier. 
To identify the repeatability statement of the SSS for both cases, statistical analysis of the 
data was completed in Table 6. It was found that the SD for the case of I OHC was less in 
comparison to the other cases. The SD (defined earlier) is a measure of the variation 
about the mean value) [156]. The smaller the SD is, the closer are the actual 
measurements and consequently the higher the repeatability, which the SSS has under 
these experimental conditions. In this case the SSS had the highest repeatability range 
(smallest value) for the case of I OHC (5.95 x 10-8 m) and then I OVC (1.22 x 10-7 M) . This 
led to the conclusion that the SSS achieved better measurement results when used under 
collimated laser illumination. However; using non-collimated laser illumination has the 
advantage of measuring deformation over larger areas whereas collimated illumination 
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covers only portion of the area, but compensation for the errors and variations must be 
taken into account when integrating the data into displacement. 
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ShearType `lOHC (m) I OHNC (m) I OVC (m) 10VNC (m) 
Mean of the mean 2.74E-06 3.20E-06 2.62E-06 3.82E-06 for the 3 tests 
Mean SD of the Mean 2.97E-08 7.88E-08 6.09E-08 9.24E-08 
values 
Repeatability 2.71 E-06 3.12E-06 2.56E-06 3.73E-06 
R ith 95% ange w 
Confidence Limit 2.77E-06 3.28E-06 2.68E-06 3.91 E-06 
Repeatability Range 
Amplitude 5.95E-08 1.58E-07 
1.22E-07 1.85E-07 
Table 6: Data analysis for displacement of the SCP for comparison between collimated and non-collimated lascr 
illurnination under 10mm lateral shear in both directions (horizontal and vertical) 
The collimated laser illumination is more suitable for measuring dcfor-i-nation of small 
area where the illumination covers the whole defori-nation area and then in that case it 
measures absolute deformation. However because the collimated illumination produces 
more accurate results it is more preferred than the non-collii-nated one and in the case of 
large areas, additional measuring method (LVDT, Section 4.6 ) should be used in 
conjunction with the SSS to measure the relative displacement at the circumference of the 
collimated beam, which then can be added to the SSS measurements to produce the 
absolute displacement of the SCP. This will be discussed in more detail in the next 
section. 
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4.8 Pulsed Laser Wave Shearographic Sensor System 
Improving the quality of the data obtained by the SSS or the Continuous wave 
Shearographic Sensor System (CSSS) was always an important issue when taking 
measurements; this was in order to have better results in terms of accuracy and reliability. 
One approach to improving the data quality was by minimising the error sources and the 
noise, which were generated due to the industrial environment in the Test House at DABS 
(machine vibrations, mass air and people movement etc. ). These issues disturb the SSS 
data quality and create noise within the good data, as shown in Figure 67 inside the red 
circles. 
(, 7 NoiýN% datýi IuIII ightc(l ý% It III I'll ýIILJCýý IWM ý11)1)Cd Ol 'I I kA I I)IIANC 11KIJ) 
In order to reduce the noisy data from the good data and to produce a better quality and 
improved data, the Pulsed wave Shearographic Sensor System (PSSS) was developed and 
introduced towards the end of the research studies. The PSSS is an identical system to the 
SSS with minor modifications to the optical components and position. The continuous 
wave laser source was replaced with a pulsed laser, developed by Elforlight Ltd (30Hz 
repetition frequency, 50ns pulse length, X=523nm). The PSSS helps to reduce the 
recording of noisy data caused by the vibration and the previous factors, by synchronising 
the camera frame acquisition time with the pulsed illumination time. 
The short pulse duration (50ns) compared to the much larger CCD TV camera frame 
(20ms) duration, allowed the PSSS to ignore larger term environmental disturbances. It 
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was found that the implemented image processing software (WiT v7.1) did not support 
such a process. This led to further investigation to search for another way of sending a 
triggering signal from the camera to the pulsed laser via the Viper Digital board in order 
to trigger the laser with the same frequency as the camera (30Hz). 
The mechanical and the optical components of the PSSS were assembled together in order 
to finalize its building process, so it was ready to use both at LU's laboratory and at 
DABS Test House, as shown in Figure 68, in a fully operational mode in the optical 
metrology laboratory at LU. 
Figure 68: the new PSSS in operation at LU's laboratory 
The PSSS was tested in the laboratory at LU using both collimated and non-collimated 
illumination. The collimated illumination proved to work very well with a clear 
improvement of the data quality in comparison with the SSS. The non-collimated 
illumination data was poor due to the low intensity of the light, because of the nature of 
the large divergence beam diameter in comparison with the collimated beam. Figure 69 
shows two examples of two wrapped optical phase maps for the SCP taken by both the 
SSS and the PSSS. 
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Figure 69: (Lell) Wrapped optical phase map of the SCP produced by the SSS. Note the noise data between the ffinges. 
(Right) Wrapped optical phase map of the SCP produced by the PSSS. Note how the noise has been reduced in 
comparison with the SSS data 
4.8.1 Repeatability Test using the PSSS 
Upon the completion of testing process of the PSSS, new repeatability test measurements 
were completed using the PSSS on the SCP, this was in order to investigate the data 
quality, repeatability and reliability of the PSSS in laboratory environment and compare it 
with those from the SSS. An initial repeatability test similar to the one generated by the 
SSS as in Section (4-7.3) was completed by the PSSS. The gathered data was processed 
and presented graphically (Figure 70 and Figure 71) showing the repeatability of the 
PSSS for the cases IOHC, and IOVC under 5ýtm displacement. The maximum peak 
points from the maps were identified with values and graphically plotted for comparison 
with results taken by the SSS. 
The statistical calculations (Table 7) showed a decrease in the SD value for the PSSS 
graph in comparison with the SSS one, leading to an improvement in the repeatability 
range for the PSSS graph. This indicated an improvement in the data quality generated by 
using the PSSS and suggests that in this instance, the PSSS probably reduced the error 
sources and improved the data quality. The graph shape was not a straight line as it 
should be, This was still due to some experimental errors and environmental disturbance, 
which were less in the PSSS tests, as they were shown in Figure 70 and surnmarised in 
Figure 71 for both horizontal and vertical lateral shear cases, 
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with VEB=2SD and measurements are with 95% confidence 
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Shear Type I OHC (m) I OVC (m) 
Sensor System SSS PSSS SSS PSSS 
Mean of the mean 
for the 3 tests 
1.94E-06 1.84E-06 2.07E-06 2.04E-06 
Mean 
values SID of the Mean 1.12E-07 7.69E-08 6.40E-08 5.96E-08 
Repeatability of the 1.71E-06 1.68E-06 2.001E-06 1.98E-06 
Mean 2.16E-06 1.99E-06 2.13E-06 2.10E-06 
Repeatability Range 
Amplitude I 
4.48E-07 
I 
3.08E-07 
I 
1.28E-07 
I 
1.19E-07 
'Fable 7: Statistical ana]Ysis comparison between the SSS and the PSSS measurements 
4.9 Conclusions 
The main purpose of this chapter was to demonstrate the funct I onality of the SSS of' 
producing valid data on laboratory scale, which facilitates its use in the industrial 
environment at DABS, which will be discussed in the following chapters. 
The chapter highlighted the experimental setup and parameters associated with the 
operation of the SSS. Basic experiments were conducted to illustrate the processing 
stages for the data produced in both lateral shear directions, which then was followed by 
series of repeatability tests to draw a statement of repeatability of the SSS within LU 
laboratory or similar environment. This included lateral shear variation tests in order to 
identify the most appropriate lateral shear value (lOrnm), then using this value to carry 
out a series of repeatability tests to identify repeatability statements and to compare the 
results between collimated and non-colln-nated laser illumination. This was supported by 
using a LVDT system to calibrate and validate the SSS measurements. 
A pulsed SSS was developed and introduced towards the end of the research, similar to 
the SSS using a pulsed laser instead of the CW, one in order to reduce the noises within 
the data and improve the data quality. This was demonstrated through a series of basic 
repeatability tests, but was not implemented in the industrial environment due to time 
constraints 
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5 Tests on the Fatigue Rolling Testing Machine at 
DABS 
5.1 Introduction 
A ircraft wheels play a major role in the takeoff and landing operations of an 
aircraft. Repetitive landings, takeoffs and associated taxi runs subject the 
wheels to a considerable spectrum of operational loads. The wheels must 
remain capable of operation within the safety limits issued by wheel manufacturers. 
Ensuring that a wheel meets stress and load criteria over time is an important part of the 
product development process and typically is accomplished by testing physical 
prototypes. 
During the landing and takeoff operations, the aircraft wheels are subjected to high levels 
of cyclic fatigue. To ensure the safety of passengers and the aircraft, it is important that 
the wheels are maintained to the highest standard. The design of the aircraft wheel is 
primarily influenced by its requirement to accommodate the tyre, house the brake pack, 
and to accomplish the above tasks with minimum weight and maximum life. There is 
therefore requirement for rigorous testing and the design and the prototype stage. 
The main objectives of this chapter are to demonstrate the functionality of the SSS in 
wheel testing industrial environment subject to various changing parameters, and to start 
to produce valid deformation data from aircraft wheels in order to help optimise wheel 
design. These objectives can be summarized as follows: 
I- Demonstrate the functionality of the SSS in the wheel testing industrial 
environment at DABS. 
2- Investigate the SSS functionality on wheel testing equipment. 
3- Applying the SSS to the aircraft wheels using inflation and deflation pressure 
loading on the wheel. 
4- Produce valid deformation data from aircraft wheels. 
5- Investigate the repeatability of the SSS in such an industrial environment. 
6- Compare and correlate the results from the SSS with LVDT measurements. 
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This chapter will concentrate on tests carried out using one of the standard wheel testing 
machines at DABS the Fatigue Rolling Testing Machine (FRTM). Section (5.2) 
describes the test wheels in addition to, the FRTM describing how this machine works 
and investigating the issues required to run a static load testing on it. It is explained why it 
was difficult to perform static load testing using the FRTM, and alternatively, completing 
a full inflation/deflation test using this machine. 
In the second part of this chapter (Section 5.3) a comprehensive description of the tests 
completed on the Boeing757 wheel are discussed, starting with a full scan test to study 
the behaviour of the wheel, showing poor fringe data was generated from this wheel, and 
then concentrating on analysis of specific wheel nut regions. Consequently, this leads to 
investigating the torque setting on the wheel, to study the effect of different torque 
settings on the wheel deformation behaviour. Finally, some initial repeatability 
experiments under various experimental parameters are shown. 
Section (5.4) concentrates on similar tests to the above, but using a BAe146 wheel instead 
of the Boeing757 with attempts to correlate and calibrate the SSS measurements using the 
LVDT system. 
5.2 Test Wheels and Facilities 
5.2.1 Boeing757 Aircraft Wheel 
The Boeing757 aircraft wheel (shown in Figure 72) is one of the major wheels, which 
DABS manufacture to fit on the Boeing757 aircraft. The wheel is subjected to various 
testing procedures before it is allowed to go on the aircraft, these being defined by the 
United Kingdom Civil Aviation Authority (UKCAA) specifications No 17 [3] and the US 
Federal Aviation Administration (FAA) Technical Standard Order TSO-C26c [I]. 
The wheel consists of two parts A and B (Figure 73), both made of aluminium. alloy. Each 
part has ventilation holes, bolt holes, and a central big hole for the rotational axle. Part A 
of the wheel is slightly bigger than part B, so it can host the brake packs by mounting 
them on the specially designed mounts. 
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Figure 72: Picture of the Boeing757 wheel on the FRTM 
Part B of the wheel is slightly smaller than part A and normally faces the viewer when it 
is fitted on the aircraft. As well as the mentioned designed features for part A, it contains 
the inflation valve where the gas is inflated. 
The two parts join each other by eighteen bolts and nuts to make the whole wheel unit. 
These wheel nuts are tightened to the manufacturer recommended torque, and any 
variation in the applied torque between wheel nuts will reflect in more wheel deformation 
in the region of the wheel nut with less torque. The central hole of the wheel hosts the 
bearing elements, which includes the rotational wheel axle. 
The region of interest to study was the region around the wheel nut shown in Figure 74, 
the size of the region was determined by the illumination beam diameter of the SSS, 
which was 98mm. However the collimated beam diameter could be made bigger by 
changing some of the optics, but the SSS would have to be positioned at a lower height 
than the one used, which was not possible due to issues of the FRTM design. The wheel 
was normally inflated using the nitrogen gas to 200-210psi (1378.9 - 1447.9KPa); this 
being the standard inflation pressure of the tyre during operational use. 
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Figure 74: Schematic diagrarn for the studied wheel nut area (inside the circular shapc) 
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5.2.2 BAe146 Aircraft Wheel 
The BAel46 aircraft wheel (shown in Figure 75) is a similar wheel to the Boein8757 
wheel, but it slightly smaller (rim diameter) and has minor variations in the design 
features. 
The design variations are identified with the shape of the ventilation holes being circular; 
the angle 0 between the two joined parts is slightly bigger compared to the Boeing757 
wheel, as shown in the drawings in Figure 76. 
In terms of the experimental study area, it was a similar region around the BAel46 wheel 
nuts, (as shown for the Boeing 757 unit in Figure 74). This was to study the wheel 
behaviour when subjected to radial loading and inflated by nitrogen gas to the 
manufacturer recommended pressure of 160-170psi (1103.16 - 1172.19KPa). 
Figure 75: The BAel46 autraft wheel on a test machine 
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5.2.3 Fatigue Rolling Testing Machine 
The Fatigue Rolling Testing Machine (FRTM) or the "20 tonne test machine" at DABS is 
used for fatigue resistance tests of wheels with mounted tyres. The test machine is 
designed in a way which makes it possible to carry out tests according to the aviation 
authorities' standards for wheels [1,3,14]. 
The FRTM is constructed of two rolling drum facilities, each drum has two hydraulic 
testing figs fitted adjacent to it to bear the test wheels. Figure 77 shows a schematic 
diagram of the FRTM machine showing the two rolling drums and the four identical 
testing rigs fitted with aircraft wheels. 
Figure 77: Diagram for the 20 tonne FRTM with two drums and four ngs 
Tests are controlled from a control room, outside the machine room, but adjacent to it, 
from which the tests facilities can be viewed by a window in the wall. The four rigs are 
numbered 3 and 5 for the ones looking on the right from the control room and 4 and 6 for 
the one on the left. The one which was used for this research work was number 6 due to 
the easy access, 
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The four rigs are capable of straight rolling simultaneously if required. The main use of 
the machine is wheel rolling testing to various conditions including destructive testing. 
The machine can be operated manually or timer controlled at a speed of approximately 
15mph upwards. A pressure activated hydraulic head bearing the test wheel, is applied to 
the required load. The machine can only apply a radial load to the wheel/tyre units. An 
alternative machine (Vickers) not used by the project could apply side loads. Figure 78 
shows a schematic diagram for the test rig with the aircraft wheel fitted on it during the 
static load testing; the arrow of the static load testing indicates the direction of the load 
towards the rolling drum. It should be noted that in this test the drum rolls only while the 
hydraulic head pushes the wheel toward the drum in the horizontal direction to make it 
start rolling with the drum, and with the applied load to simulate the landing and the 
takeoff operations. 
The test wheel fitted on the machine was inflated with nitrogen gas by pipes connected 
into each machine's rig and controlled by an inflation valve from the control room. The 
valve has a pressure gauge next to it to show the applied inflation pressure in the tyre of 
the wheel. The deflation valve was situated near the bottom comer on the side of the 
wheel; this valve was used to deflate the tyre when needed. Figure 79 shows a picture of 
the FRTM with the Boeing757 wheel fitted to test rig 4 subjected to fatigue rolling test. 
Initial tests were completed in order to explore the suitability of the machine and the 
surrounding environment for application of the SSS. The tests started by positioning the 
SSS PC and data processing equipment in the control room. For Health & Safety 
purposes, no personnel can be present in the test cell, when the wheel/tyre unit is under 
static or dynamic loading. Consequently, this led to investigating the issues of operating 
the SSS remotely by using a 15m long camera cable to place the PC in the remote room. 
The cable was tested, and the system was fully functional, although there was concern 
that the long cable length may act as an aerial for electro-magnetic interference, which 
would degrade signal quality. However, this was found to be not a problem. 
The data quality of the SSS output was very much influenced by the surrounding 
environment of the Test House at DABS. Issues such as mass air movement, machine 
vibrations, and people movement reduced the data quality and generated data voids, 
discontinuities and noisy data within the wrapped optical phase maps. 
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Figure 79: The FRTM with the two drums and the Boeing757 wheel fitted on test rig 4 
5.2.3.1 Modifications Needed to the FRTM 
After initial trials, it was found that the FRTM needed some major and minor 
modifications to its original design in order to perform the static loading test correctly. 
The primary issues were to increase accuracy, and at the same time to avoid any 
misleading results, which could be resultant from the movement of the rig itself or by the 
movement of the bearing or the axle of the wheel because of the static load. 
The rig modifications which were required to complete the static load testing were 
summarised in the following: 
1. The need for a heavy platform to be placed around the wheel to position and lock 
the SSS to prevent any mechanical movement and consequently any fringe pattern 
decorrelation. 
2. The need to calibrate the digital pressure gauge and transducer in the control room 
locally on the FRTM. 
3. Remote capability to deflate the tyre from the control room. 
4. Better control of the mass air movement from the space heaters. 
115 
CHAPTER 5 
5. Torque wrench accuracy/ calibration. 
6. Measurements of wheel bearing play movement. 
7. TV monitor and frame store for local changes and optimisation of the SSS setting. 
8. Jerk movement of the test machine needed to be smooth in order to avoid 
damaging of the SSS. 
9. Prevention of the rotational movement of the wheel on its axle during the machine 
movement. 
10. More finesse of loading, in the region of 10ON resolution or less. 
11. The load digital read-out was not constant and showed a drifting load when in 
manual control. 
Most of the issues identified above were mainly caused by the old age of the machine, 
and Health and Safety issues, noise and vibration caused by other machines next door, 
and mass air movement caused by air blowers, which were placed under the wheel for 
cooling purposes, when the machine was running. These all caused fringe decorrelation, 
and created an inappropriate working environment for SSS. 
The issues above were discussed with DABS. Items 1,2,5,7, and 9 were solved, but the 
rest were not possible to solve, due to technical difficulties because of the old age of the 
machine, and the high cost associated with it. Consequently the test plan was slightly 
altered to do the wheel testing under the current circumstances of the machine and to 
concentrate on inflation/deflation test instead of the static load testing using the drum. 
5.2.4 Basic Description of the Inflation/Deflation Test 
The purpose of the inflation/deflation test on the aircraft's wheels was to study and 
analyse the behaviour of the wheels under certain loading conditions. The test was set to 
replace the static load testing on the FRTM, which could not be completed for the 
technical reasons mentioned in Section (5.2.3.1). 
The test started by mounting the SSS on the new installed instrument platfonn on rig 6 of 
the FRTM, to illuminate one of the wheel nut regions shown in Figure 80 and Figure 81. 
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Instrument platform for mounting the SSS 
Figure 80: The SSS is mounted on the irLstrument platform illuminating 
the wheel nut region of the Boeing757 wheel 
Figure 81: Close view of the wheel nut area illuninuitecl by the SSS 
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The SSS was used in the OOP configuration (Figure 82) due to the difficulties in setting 
up the IP configuration because of the wheel design complexity; where the illumination 
beam was blocked by the wheel rim. 
FRTM's dnim 
I 
-- 
750 mm 
PC 
Wheel part B 
1 
AI 
--------------------------------------------- sss 
Figure 82: Test layout of the SSS on the FRTM, showing part A of the wheel under OOP laser illumination, while the 
dotted line showed the difficulty of settmg up the IP because Of the wheel design 
The test started by inflating the tyre using nitrogen gas to the standard inflation pressure 
which was used when running under the rolling test (160-210psi) (1103.16 -1447.9KPa). 
The pressure value depended on the wheel model, and other experimental parameters 
such as room temperature, type of tyre used, and the applied torque on the two wheel 
parts. 
Once the tyre was inflated to the correct pressure, the valve was closed and the pressure 
recorded. At this stage the live subtraction algorithm on the PC monitor was initiated to 
start recording a reference image of the illuminated area of the wheel before any changes 
to the wheel's conditions. The next step was to start making the changes to the wheel by 
deflating the tyre by a certain pressure value (20-100psi) (137.9-689.5KPa). Fringe 
pattern started to be formed on the PC monitor in real time observation in accordance 
Wheel part A 
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with the deflation time. Once the deflation pressure reached the required value, the valve 
was closed and pressure reading taken from the digital pressure nicti-c. 
The forming fringe pattern would settle down showing a number of fringes oil tile 
monitor as a result of the pressure changes. At this stage the optical phase stepping 
algorithm was initiated to capture three phase stepped images and generate a wrapped 
optical phase map (Sections 3.6.1 and 3.6.3) as shown in Figure 83. 
%\ iappcd phase map 
I I_gUlk: 83. IZCý11 tillle I'I'jilge pitteril oil the PC monitor resulted from the intlatiowdcflýition Ics'a 
The gathered data were then subjected to further processing and manipulation in order to 
obtain the displacement derivative map of the studied area ofthe wlicci, which could then 
be integrated to obtain the displacement map. 
5.2.4.1 Results Analysis and Discussions 
Inflation of the tyre causes the two parts oftlic wheel to defonil apart from each other as 
shown in Figure 84 as a result of the applied pressure. When the tyrc is deflated by tile 
relevant pressure drop, it will cause the two parts of' the wileel to dcl'orm back closely 
towards each other as shown in Figure 85. The SSS will monitor tile illuminated part 
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behaviour and measure in real time the displacement derivative caused by the deflation 
drop pressure. 
The reason for selecting to measure the displacement derivative during deflation and not 
inflation was due to the difficulties in controlling the increase value of the inflation 
pressure due to the old age of the FTRM. For clarification e. g. the pressure can be 
dropped from 160psi (I 103.16KPa) to 130psi (896.32KPa) easily while it was very 
difficult to inflate vice versa in a controlled fashion. 
As mentioned earlier the obtained information data was subjected to further processing 
and manipulation to obtain the displacement field map of the study region. This data is a 
true reflection of the wheel behaviour during inflation/deflation conditions and provided 
the wheel manufacturers with vital information, which was not available before. The data 
was provided in a suitable format to be used to optimise the wheel design by analysing 
the odd behaviour of some wheel nut regions and identified weak regions in the design 
and the structure due to the inflation/deflation conditions. 
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Arrows show the dirvoicin 
ofthe wheel pails delonnation 
Figure 84: Schematic diagrarn of the aircraft wheel during tyre intlation pressure 
AITOWS ShOW the direction 
ofthe Nk licei parts detonwition 
Figure 85: Schematic diagrain of the aircraft whecl during tyrc deflation pressure drop 
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5.3 Tests on Boeing757 Aircraft Wheel 
5.3.1 Full Wheel Scan 
The purpose of this test was to produce valid displacement derivative wheel data for 
DABS. This led to the need to complete the majority of the measurement issues identified 
before in order to produce good fiinge pattern on a consistent basis. 
Initial deflation testing concentrated on tyre deflation tests in order to find suitable drop 
pressure values in order to obtain good fiinge pattern visibility. The deflation of the tyre 
by 20 - 60psi (137.9-413.7KPa) increments caused repeatable changes of wheel loading, 
which could be measured using the SSS as shown in Figure 86. Experimental procedures 
were developed to systematically analyse the entire viewable wheel structure. The first 
survey involved all eighteen wheel nuts, was completed using the SSS in the OOP 
sensitivity configuration in both shearing directions (horizontal and vertical). 
Figure 86: The SSS in operation at DABS Test House, carrying full scan on the Bocuig757 wheel nuts 
Full scan of the wheel was completed to measure the OOP components (o-W /& ) and 
( Av /cy ) for the eighteen wheel nut regions under a shear value of 5mm, for pressure 
drops of 20psi (137.9KPa), 40psi (275.8KPa) and 60psi (413.7KPa), identifying wheel 
nuts with lower torque settings and hence allowing more deformation (wheel nuts 13,14 
and 15). Figure 87 shows the scan on wheel nut II to study and measure the displacement 
derivative of the nut region. 
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Figure 87: The SSS in operation measuring the defonnation resulting 
fimn pressure drop on the Boeing757 wheel 
Typically, 20psi (137.9KPa) deflation loads did not produce any significant results, whilst 
40psi (275.8KPa) and 60psi (413.7KPa) loads produced recognizable deformation 
signatures. Figure 88 shows representation of the full scan fringes of the eighteen wheel 
nuts. Detailed and close view of the ftinge pattern for wheel nut 14 is shown in Figure 89 
to demonstrate the improvement in the fiinge density and clarity. 
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Figure 88: Fu II scan of the Bocing757 vdiccl cightccl, ILI t I-coiOjI. s J)v tIIc SSS, LI I l(Icr 001). ýi (4 1 3.7KPýO (IL-11a H ol I 
pressure, and I OFIC, the number above cach picture represents the wheel nut nulllhcr 
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5.3.2 Scan of Specific Wheel Nut Regions 
5.3.2.1 OOP Displacement Derivative Measurements 
Upon completion of the full scan test on the wheel, tile work then concentrated on 60ps] - 
100psi (413.7-689.5KPa) deflation tests to assess their suitability for general testing. The 
test concentrated on six specific wheel nuts and their surrounding regions (12,13,14 and 
3,4,5) due to the time required doing one complete wheel. Tile latter regions represented 
the generally non-defon-ning area of the wheel structure, acting as a control or comparison 
region. Technical data were gathered from 60psi - 100psi (413.7-689.5KIla) deflation 
tests at DABS for 10mm lateral shear conditions (horizontal and vertical), for the six 
wheel nut areas. Initial results showed substantial speckle decorrelation and a loss of 
fringe data because the load changes were too large for the SSS sensitivity. 
Consequently, the lateral shear in all cases was reduced to 5rnrn, in order to obtain 
information from 60,80 and 100psi (413.7,551.6 and 689.5KPa) tests for wheel nuts 12- 
14 and 3-5, which are shown in Figure 90. 
Figure 90: OOP fringe patterns representation ofwliccl nuts 3-5 and 12-14 
of the Boeing757 wheel, under 60psi (413.7KPa) pressure drop, and 51 IC 
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Reasons for using these deflation pressures were that they more accurately represented 
the loading criterion used by DABS in their FE models, and this would help to determine 
if the wheel structure was behaving in a linearly elastic fashion. However, the problem 
with reduced SSS lateral shear was that whilst the SSS could 'see' larger deformations, the 
fringe (correlation) quality decreased, and this became an issue of importance in terms of 
data quality, hence the poor fringe reproduction as shown in Figure 90. Note that an 
increased field of view was used to provide a more usable data region. 
5.3.2.2 IP Displacement Derivative Measurements 
The purpose of this analysis was to determine if any IP displacement derivative 
contributions due to wheel movement would be identified by the SSS, characterised by 
different fringe forms. Once all the OOP testing had been completed, the SSS IP 
sensitivity was increased by increasing the illumination angle (3) by moving the sliding 
mirror to the right taking in consideration the rim edge of the wheel (Figure 82). 
Displacement derivative data (OOP + IP) was gathered for the wheel nuts 12-14 and 3-5 
in order to form a clearer idea about the wheel behaviour. It was important to obtain OOP 
and then (OOP + IP) data from the same field of view, so that pure IP data could 
eventually be generated. Fringe quality varied between average and excellent, with all 
data being phase-stepped using techniques described by Robinson and Steinchen [ 18,42]. 
However, the total data area in one image was often small and whilst phase stepped fringe 
patterns had been acquired in all cases, the results where only been used on a qualitative 
basis. Figure 91 shows a representation of the (OOPAP) fringe pattern for the mentioned 
wheel nut regions. 
The formed fringe pattern would suggest that deformation was occurring in the X, Y, and 
Z axes directions at the same time when deflating the wheel. It was noticeable that in 
some cases, minor modifications to the fringe shapes and structure were observed, 
however the clamping conditions of the wheel design would suggest that the IP 
movement would be limited, and the analysis would expect the OOP displacement 
derivative to dominate on the surface examined. 
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of the Boeing757 wheel, under 60psi (413.7K]ti) pressure drop, and 51 IC 
This would only be specifically identified when the data captured was numerically 
processed, subtracting the OOP displacement derivative contribution frorn the combined 
sensitivity (OOP+IP) contribution via the optical phase unwrapping algorithm. Note that 
again, the static images shown in Figure 89 do not show the fringe pattern as clearly as 
when observed on the live monitor screen. However the results have shown more 
displacement derivative in the region of wheel nuts 12,13 and 14 versus 3,4, and 5. 
5.3.2.3 Specific Wheel Nuts Analysis 
All of the analysis completed on the Boeing757 wheel, showed that more dcl'orniation 
occurred in the regions of wheel nuts 12,13 and 14. This may have many potential 
causes, but in discussion with DABS, the most likely cause was identified Lis differcliccs 
in torque values on the wheel nuts. DABS indicated that they previously llýld not 
examined this issue, and the SSS was for the first time high-lighting potcntial problems 
with wheel nut torque consistency. 
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At that point in time, DABS did not have any information concerning structural integrity 
issues with respect to differences in wheel nut torque values. They therefore tasked 
themselves with adjusting the FE model of the wheel, to simulate the wheel nut torque 
conditions, especially when one or two wheel nuts had significantly lower values. Due to 
commercial constrains these modelling results were not completed by DABS. 
5.3.3 Torque Constraints Tests 
The next experimental work attempted to deliberately reduce certain wheel nut torque 
values, and then re-measure the deformation with the SSS, to assess any changes in the 
wheel nut regions deformation. 
The torque constraints tests concentrated oil tyre deflation tests to study the effect of 
pressure drop on specific wheel nuts under different torque settings and then studying the 
behaviour of each wheel nut and its neighbouring ones; in addition to their surrounding 
regions. 
The deflation of the tyre was by 60psi (413.7KPa) decrements under different torque 
values (84 - 94 lb. ft) (I 13.9-127.4Nm) with increments by 2 lb. ft (2.7Nm). each time. 
Note that imperial units were used here due to the equipment used at DABS. When 
deflating the tyre at specific torque, it caused the two parts of the wheel to move towards 
each other with a small defon-nation or displacement. This deformation was viewed by the 
SSS in the shape of fringe pattern appearing on the PC monitor. The number of fringe 
pattern appearing on the monitor depended on the amount of deformation caused by 
dropping the pressure with more deformation causing more fiinge pattern. 
Applying less torque on the wheel nut meant that the two parts were more lose and 
consequently more deformation was caused, so more fringe pattern appeared, and 
conversely when more torque was applied on the wheel nut less deformation and 
consequently less fringe pattern were viewed. This deformation was measured using the 
SSS, and then by manipulating and calibrating the data to produce a displacement mesh of 
the wheel caused by the deflation pressure. 
An example of this work is shown in Figure 92 and Figure 93. In this test, a torque 
resetting of 84 lb. ft (113.9Nm) was applied on wheel nut 13, then a full measurement 
scan was taken by the SSS for this wheel nut and the adjacent ones on both sides (Wheel 
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nuts 12 and 14) to measure the displacement derivative on 13, and then on 12 and 14. 
This was completed for both lateral shear cases (5HC and 5VC). 
Upon completion of this task, the torque setting was increased to 86 lb. ft (I 16.6Nm) (on 
wheel nut 13 only) in order to grab a new set of data from 13,12, and 14. The test was 
repeated for other torque settings (88,90,92, and 94 lb. ft) (119.3,122,124.7, and 
127ANm) to study the affect of torque changes on the deformation profile. 
The same test was repeated on another set of the wheel nuts (3,4, and 5) with the same 
conditions of the previous test. These wheel nuts were symmetrical opposite to 12,13, 
and 14, and were considered as a reference wheel nuts to compare the test results from 
(12-14) with them. The wheel nuts were studied and analysed in the same manner as 12- 
14 and under the same experimental and loading conditions. 
By analysing the fringe patterns in Figure 92 and Figure 93, it was noticeable that the 
number of ffinges in the horizontal shear direction for wheel nuts 13-14 was bigger in 
comparison to their reference wheel nuts of 4 and 5. This suggested that the wheel 
structure on the region of the wheel nuts was exhibiting more deformation in the 
horizontal shear direction in comparison to wheel nuts (4,5). 
Analysing the fringe patterns in the vertical shear direction for both wheel nuts sets (12- 
14) and (3-5) it was noticeable that the fringe density was again larger for (12-14) in 
comparison with (3-5). This again suggested that more deformation was occurring in this 
wheel region in comparison to (3-5). 
On completion of the tests for the whole torque setting range (84 - 94 lb. ft) (119.3- 
127.4Nm) the results were presented graphically to identify visually the affect of torque 
increment progression against fringe patterns progression as shown in Figure 94 and 
Figure 95. It was found that under less torque the wheel nut exhibiting higher fringe 
density; however in some cases the fringe number had increased when more torque was 
applied such as the case of 94 lb. ft (127.4Nm). 
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Figure 92: Fringe pattems representation for nut 13 and its neighbouring nuts regions ( 12 and 14) ofthe torque 
constraint test under 90 lb. tl (I 22Nrn) torque, 60psi (4 1 3.7KPa) deflation pressure and in cascs ot'51 IC and 5VC. 
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Figure 93: Fringe patterns representation tor nut 4 and its ricighbouring mils regions (3 and 5) oftlic 
torque constraint test under 90 lb. ft (I 22Nm) torque, 60psi (41 3.7KPa) deflation pressure and if, cascs 01'51 W and 5VC 
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Figure 94 Fringe pattern representations of the torque constraints test on nut 13 ofthe Boeing757 wheel 
under 60psi (413.7KPa) pressure drop and 5VC, the number below each picture indicates the applied torque 
84 
1) () 
86 8 11Q, 
94 
Figure 95: Fringe pattem representations ofthe tor(luc constraints tcst (), j flut 4 of 
the Boeing757 whecl undcr 60psi (413.7KI'a) prcssurc drop and 5V(' 
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This proof of principle set of experiments clearly demonstrated that the SSS could be 
used to assess the impact of variable wheel nuts torque. However, fior further colitidclicc 
to be gained, an understanding of the repeatability of loading and measurement had been 
completed as discussed in the next section. 
5.3.4 Initial Repeatability of Torque Resetting Test 
This test involved examining two wheel nut regions (13 and 4) under the same conditions 
of previous torque test, using both shearing directions ( 5HC and 5VC). A fixed 
deflation pressure of 60psi (413.7KPa) was applied to the Boeing757 wheel under 
different torque values on both wheel nut regions. The torque values varied from (84 -94 
lb. ft) (I 13.9-127.4Nm). 
After grabbing and processing the data for both wheel nuts, representation of the fringe 
patterns images of test I and 2 were produced and presented in Figure 96 and Figure 97 
for wheel nuts (13 and 4) for the case of 5HC, and in Figure 98 and Figure 99 for the 5VC 
case. This was to enable comparison with the two tests for series of torque setting starting 
from (84-94 lb. ft) (I 13.9-127.4Nm). 
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Figure 96: Repeatability torque resetting test, fringe patterns representation for wheel nut 13 Under Various torque 
ch an gcs (84-94 1 b1t) (H 3.9-1 27.4Nm) and 5HC, the number (84-94) rel-ircscl I Is tIIc app cc 
torque value, while I and 2 on the 101 are the test number 
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Figure 97: Repeatability torque resetting test, fringe patterns representation 
for %ý licel nim 4 under % ariou, ý torclue changes (84-94 lb. k) (1 13.9-1 27.4Nm) and 51 K' 
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Figure 98: Repeatability torque resetting test, fringe patterns representation 
for wheel nut 13 under various torque changes (84-94 lb. fi) ( 113.9-1 27.4Nm) i1nd 5VC 
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Figure 99: Repeatability torque resetting test, fringe patterns rcprcscnIation 
for whcel nut 4 under various torque changes (84-94 lb. tt) ( 113.9-1 27.4Nm) and 5VC 
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Both sets of test data were represented in graphical format showing the Error Bars (EB) 
on the same chart to show the relationship between the torque change values and the 
displacement derivative for each wheel nut as shown in Figures (100-103). The Vertical 
Error Bars (VEB) values were estimated on a percentage basis of 5% of the displacement 
derivative value for each point, while the Horizontal EB (HEB) values were estimated on 
a fixed term basis of ±1 Nm. 
In this instance, the ftinge density was calculated for each measurement case, and 
converted to displacement derivative values using manual analysis method by knowing 
the sensitivity settings of the SSS. The output of the SSS in this case, is the first spatial 
displacement derivative, i. e. slope data (Owlax) and (dwlc9y), and is consequently 
dimensionless or unit-less. Note the torque values on the X axis were converted to SI 
units instead of imperial. Furthermore the nature of manually assessing fiinge density is 
more prone to error than automatic numerical processing. 
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Figure 100: Comparison of the torque repeatability test in Figure 96 for wheel jiut 13 
under 5HC. Note that the two graphs are identical. HEB =±I Nm, VEB = 5% 
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Figure 101: Comparison of the torque repeatability test in Figurc 97 for wheel nut 4 
under 511C, I IEB= ±I Nni, VEB = 5% 
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Figure 102: Comparison of the torque repeatability test in Figure 98 for wheel nut 13 
under 5VC, HEB = ±1 Nm, VEB = 5% 
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Figure 103: Comparison of the torque repeatability test in Figure 99 for wheel nut 4 
under 5VC, HEB =±I Nm, VEB = 5% 
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5.3.4.1 Results Analysis and Discussions 
Variations in the graphs were found; and it was proposed that these variations were due a 
number of potential causes. These had been identified as including mass air movement 
(blower heating system), people movement in the Test House, machine vibrations in the 
next-door test unit, all occurring either sequentially or simultaneously whilst the 
experimentation was carried out. Further errors were possibly caused by torque wrench 
setting uncertainty, and fringe evaluation uncertainty. 
Application of the SSS was very difficult to achieve when the Vickers test machine was 
in operation (next door to test area being used for the torque test), and the heating blowers 
were on. Under these circumstances the data quality was severely degraded, and 
quantified infon-nation could not be extracted. Further disturbance could sometimes be 
observed (measured) by the SSS, as a function of the hydraulic presses within the 
Mayflower Group buildings next door, which involved car body panels and wheel unit 
presses. This to a certain extent indicated the vulnerability of the speckle shearing 
technique in the industrial environment, even though it is a common path interferometer, 
and consequently more tolerant of environmental disturbance. 
5.4 Tests on the BAe146 Aircraft Wheel 
5.4.1 Full Wheel Scan 
The initial work completed using the Boeing757 wheel provided experimental method 
refinement for the SSS for application to the aircraft wheel. However concern was noted 
about the quality of fringe patterns generated by the wheel surface. Further opportunity 
was provided to extend the experimental work by analysing the performance of an 
alternative wheel, a BAel46 main wheel. 
As discussed in Section (5.2.4), the deflation of the aircraft tyre by 60psi (413.7KPa) 
caused repeatable changes of wheel loading, which could be measured using the SSS; 
hence experimental procedures had been developed to systematically analyse the entire 
viewable wheel structure. The first survey of the BAe146 main wheel involved all 
sixteen-wheel nut regions, was completed using the SSS in the OOP sensitivity 
configuration. Test conditions were as follow: 
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" Illumination angle (9) = 10.8' 
" Lateral shear (, 5x (5Y )= 5mm 
" Laser wavelength = 5.3 2*I Oe-7m 
" Applied torque = 94 lb. ft (127.4Nm) 
The work on the BAel46 started by completing full general scans for the sixteen wheel 
nuts measuring the OOP displacement derivative components (Oýi, / (IV ) and (Ow/Ov ), for 
pressure drops of 60psi (413.7KPa) from (200-140psi) (1378.9-965.3KPa). Testing for all 
sixteen-wheel nuts was a time consuming process, measured at being approximately four 
full working days, although this only allowed for one field of view pcr wheel nut as 
shown in Figure 104 where full scans of the wheel nut regions were presented showing 
clear and good quality ffinge patterns data. 
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pressure, and 5HC, the number above each picture represents the nut numbcr 
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The significant improvement in fringe contrast may be due to the change of the surface of 
the wheel. The Boeing757 wheel was typified by a giant blasted aluminium. surface, 
while the BAel46 wheel was manufactured with a gloss white smooth surface. This 
would affect the reflection and polarization preservation characteristics of the surface, 
which in turn would affect the ffinge contrast. 
Furthermore, by this time in the research, much more experience had been developed with 
the application of the SSS resulting in improved and more consistent use and 
performance. 
5.4.2 Repeatability and Reliability Test on the BAe146 Wheel 
The aim of this test was to study the repeatability of the effect of pressure drop on one 
wheel nut region (wheel nut 7, which was selected randomly) of the BAel46 wheel under 
a fixed torque value of 94 lb. ft (127.4Nm), constant lateral shear value of 5mm for two 
types of laser illumination (Collimated and Non-Collimated), and deflation pressure value 
of 60psi (413.7KPa). This is with reference to previous work completed at LU [62], 
which has previously shown that the SSS using non-collimated or divergent illumination 
produces less accurate results compared to collimated (constant diameter) illumination 
with the variation (5% - 40%) being dependant on illumination and sensitivity parameters 
as discussed previously in Section (4.7.3). 
The aim was to identify if the same deformation was obtained for each load case. 
Variation in deformation would give an indication of repeatability of the SSS. However it 
should be recognised that the testing equipment also displayed variation of loading (±50 
lbs) (222.4N). This involved studying the behaviour of this wheel nut and its surrounding 
region for twenty consecutive tests, for one set of conditions. The tests were carried out 
three times on separate dates for the four cases 5HC, 5HNC, 5VC, and 5VNC. The 
gathered data were processed and presented graphically (Number of Test, versus 
Displacement derivative). 
The data was analysed on a quantified basis by producing whole field quantified maps of 
the first displacement derivative, and displacement data, using MATLAB M-files. The 
maps were collated to compare between each test as demonstrated in Figure 105. 
Variations in the maps were found due the previous mentioned causes. It was found that: 
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In the horizontal collimated case, all the sets of data were visually very similar, 
although in the non-collimated case this number reduced to 17 out of 20. 
In the collimated vertical shear testing, all the sets of data were visually very 
similar, although in the non-collimated case this number reduced to 12 out of 20. 
This helped to identify issues of the reliability of the SSS within the DABS Test House 
environment. The wholefield data could be visually compared, but further numerical 
processing could be completed by taking the peak displacement derivative value for each 
data set and performing statistical analysis. This can be seen in Table 8, showing the 
displacement derivative data, and Table 9, showing the integrated displacement data. 
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Figure 105: Repeatability test on the BAel46 wheel, the square indicates the area where the displacement derivative 
values were extracted, and the rectangle is where the displacement points were taken 
Repeatability data was generated by consistently taking a maximum value from a region 
of maximum displacement derivative, as recorded by the SSS. It was very important to 
make sure that the maximum value for each experiment was taken from the same area in 
order to avoid any misleading analysis, so black lines were drawn to act as grids to help 
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selecting the right area as shown in Figure 105. This was achieved by generating a sub- 
matrix, which consistently overlay the region of peak displacement derivative, and then 
interrogating the sub-matrix to obtain the maxima. Note that in the examples shown in 
Figure 105, the squared area is the matrix where the displacement derivative value was 
taken from, and the rectangular area was the area where the displacement value was taken 
from, for the equivalent integrated displacement map. 
Graphical presentation of the three tests (1-3) for each case was performed on the same 
graph (Figure 106 and Figure 107) to enable full comparison of the test results, for both 
collimated and non-collimated laser illumination. The ideal graph shape for each set of 
tests should be a straight horizontal line, but due to the disturbances from error sources 
identified previously, the graphs shape were not straight in some cases. 
It can be seen that with careful use and a collimated instrument, repeatable measurements 
can be achieved. However the instrument was still prone to error sources (Section 4.5) 
and the graphs also included experimental error terms such as the accuracy of inflation 
and deflation of the aircraft tyre. 
Statistical analyses were completed on the numerical processed data for each case; these 
are shown in Figure 108 and identified Table 8 and Table 9. Table 8 shows the 
displacement derivative statistical analysis data, while Table 9 shows the integrated 
displacement statistical analysis data. 
The displacement derivative data is reliable, but caution must be taken with the 
displacement data (Table 9), which was generated via numerical integration of the OOP 
shearing data by using a common line integral technique within MATLAB to process 
data-sets. However, this method is only reliable when dealing with non-interrupted data. 
If the data contains a data void or region, then the integration result is disrupted and false 
values are generated after the void. This problem is similar to the path dependency 
experienced during the unwrapping process, and two approaches have been suggested to 
increase integral accuracy; one being a least squares approach, and the second is an 
approach based on unwrapping energy methods. 
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Figure 106: Disphtcement derivative analysis for repeatability tests on wheel nut 7 of the BAel46 wheel 
under conditions of (5HC and 5VC), and 60psi (413.7KPa) deflation pressure drop 
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Figure 108: Mean displacement derivative values analysis for repeatability test on wheel nut 7 of 
the BAe 146 wheel under 60psi (413.7KPa) deflation pressure drop 
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Shear Type HC HNC VC VNC 
Mean Value 7.06E-05 7.67E-05 -7.77E-05 -T98E-05 
Test I SD 8.22E-06 7.77E-06 9.94E-06 7.95E-06 
Repeatability Range 
ith 95% 
6.24E-05 6.89E-05 -8.76E-05 -8.77E-05 
w 
Confidence Limit 7.88E-05 8.45E-05 -6.77E-05 -7.18E-05 
Repeatability Range 
Amplitude 1.64E-05 
1.56E-05 1.99E-05 1.59E-05 
Mean Value 5.20E-05 6.38E-05 -6.48E-05 -6.16E-05 
T t2 
SD 6.83E-06 1.01E-05 11.10E-05 3.77E-05 
es Repeatability Range 
ith 95% 
4.52E-05 5.37E-05 -7.94E-05 -9.92E-05 
w 
Confidence Limit 5.88E-05 7.39E-05 -5.74E-05 -2.39E-05 
Repeatability Range 
Amplitude 1.36E-05 2.02E-05 
2.20E-05 7.53E-05 
Mean Value 4.13E-05 5.94E-05 -7.44E-05 -7.98E-05 
Test 3 
SD 5.49E-06 1.11E-05 5.59E-06 1.07E-05 
Repeatability Range 
ith 95 
3.58E-05 4.82E-05 -8.00E-05 -9.05E-05 
w % 
Confidence Limit 4,67E-05 7.05E-05 -6.88E-05 -6.91E-05 
Repeatability Range 
Amplitude 1.09E-05 2.23E-05 
1.12E-05 2.14E-05 
Mean of the mean of 5.46E-05 6.66E-05 -7.23E-05 -7,37E-05 the 3 tests 
Mean of the SD 6.85E-06 9.66E-06 8.84E-06 1.88E-05 
Mean 
values 
Repeatability of the 
Mean with 95% 
4.09E-05 4.73E-05 -9. OOE-05 -1.11E-04 
Confidence Limit 6.83E-05 8.59E-05 -5.46E-05 I -3.62E-05 
Repeatability Range 
2.74E-05 3.86E-05 3.54E-05 7.51E-05 A 
Table 8: Data analysis table for the first displacement derivative ( N'/ ax ) anti ( 010 (7V 
of wheel nut 7 of the BAe 146 wheel in the cases of(5HC, 51 INC, 5VC, anti 5VNC) 
Shear Type 5HC 6HNC 5VC 6VNC 
Mean Value 3.65E-06 4.61E-06 -2.44E-06 -1ý05E-06 
SD 6.04E-07 5.99E-07 2.72E-07 2.68E-07 
Test I -Repeatability Range 
ith 95% 
2.44E-06 3.41E-06 -2.98E-06 -1.59E-06 
w 
Confidence Limit 4.86E-06 5.81E-06 -1.90E-06 -5.14E-07 
Repeatabil ty Range ; l 2.42E-06 2.40E-06 1.09E-06 1.07E-06 Amp ude i 
Mean Value 4.13E-06 4.66E-06 -2.67E-06 -8.49E-07 
SD 
- - 
4.93E-07 6.53E-07 2,60E-07 4.29E-07 
Test 2 
R eEp-watability Range 
ith 95% 
3.14E -06 3.35E-06 -3.19E-06 -1.71E-06 
w 
Confidence Limit 
- 
5.12E-06 5.97E-06 -2.15E-06 9.001E-09 
Re-peatability Range 
1.97E-06 2.61E-06 1.04E-06 1.72E-06 Amplitude 
Mean Value 3.34E-06 4.78E-06 -2.05E-06 -1.05E-06 
SD 
- 
5.89E-07 1.03E-06 1.28E-07 4.80E-08 
Test 3 
Repeatability Range 
ith 9 
2.16E-06 2.72E-06 -2.31E-06 -1.15E-06 
w 5% 
Confidence Limit 4.52E-06 6.84E-06 -1.79E-06 -9.54E-07 
Repeatabýlity Range 
2.36E-06 4.12E-06 5.12E-07 1.92E-07 Amp itude 
Mean of the mean of 3.71E-06 4.68E-06 -2.39E-06 -9.83E-07 the 3 tests 
Mean of the SD 62E-07 5 7.61E-07 2.20E-07 2 48E-07 Mean . . 
l va ues Repeatability of the 
Mean ith 95% 
2.58E-06 3.16E-06 -2.83E-06 -1.48E-06 
w 
Confidence Limit 4.83E-06 6.20E-06 -1.95E-06 4.86E-07 
Repeatability Range 2.25E-06 3.04E-06 8.80E-07 9.93E-07 Amplitude 
Table 9: Data analysis table for the integrated displacement ( RX ) and 
of whcel nut 7 of the BAe146 "'liccl for the data in Table 8 
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An additional problem encountered during the data processing was the issue of masking. 
Binary masks were required for the PhaseVision Ltd unwrapping software, in order to 
exclude regions of no data or data voids, as shown in Figure 109. This process normally 
required a high contrast white light image of the object at the same magnification as the 
original data set, which was then binarised. A feature of the aircraft wheels were that 
they presented "soft" edges to the data voids (vent holes, and wheel nut cut for instance), 
which caused a lot of random noise in the white light images. Noise at the edges was an 
issue because each noise source would propagate a data error within the unwrapped 
optical phase data which then required correction or removal. However, the extent of 
noise removal (size of mask) can alter the final engineering values represented by the SSS 
data. Consequently, mask generation required a more sympathetic approach than had 
previously been the norm. 
: ýýr -Itmio "6 
Kegion ol'nois,, - dal 
mccl'IlLit Z11-Cil 
7ý, f14% 47 : I-_ .% 
I I*% .1 16 
I lic tiols\ dala mask, ,1 
Figure 109: (On the left) A wrapped optical phase map mthotit masking shm%ing the iiimaiacki 
data around the wheel nut region in addition to the void caused by the wheel nut 
(On the right) the same image was masked to eliminate the noise 
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5.4.3 LVDT Displacement Correlation Test on the BAeI46 Wheel 
Final verifications of the SSS output was attempted; by completing an analysis of the 
surface displacement of the BAel46 wheel using an LVDT system. The conditions 
involved measuring the absolute displacements resulting from applying a deflation 
pressure drop of 60psi (413.7KPa) on the BAe 146 wheel using the LVDT system. 
The tests were carried out on nine points cross the wheel nut in both the horizontal and 
vertical directions, taking the centre of the bolt as the origin point for the measurements 
with a separating distance of 5mm between each point. Figure 110 shows the LVDT 
system measuring the displacement profile on the BAel46 wheel at the origin point of the 
wheel nut. 
Figure 110: LVDT system measuring the displacement profile on the BAe146 wheel 
The measurements were repeated three times for each point, then taking the average value 
of the displacement for each point. At the end of the test, the results were presented 
graphically with EB on each set of data and in both measurement directions. Figure III 
shows a graphical presentation of the three LVDT tests and the mean value, with EB on 
both axes. It also shows the SSS displacement results under the same experimental 
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conditions with EB. The VEB on both tests data were evaluated as 20% of the 
displacement value for each point, while on the HEB were ±1.2mm due to uncertainty 
and difficulties in aligning the LVDT system and marking the measurements points. Note 
that the EB were plotted on the mean graph only for viewing purposes. It should be noted 
that the SSS data was plotted by taking a band of data across the wheel nut data sets, 
which did not contain any data voids. 
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Figure I 11: Displacement correlation between the LVDT and the SSS measurement of 
the BAel46 wheel along the X axis under 60psi (413.7KPa) deflation pressure, and 5HC 
30.0 
The general profile trend for the horizontal measurement around the wheel nut showed 
that the maximum displacement occurred on the centre of the wheel bolt itself, with an 
average value of 2.7grn for 60psi (413.7KPa) deflation pressure drop, while the SSS 
measurement showed a value of 1.91im for the same point as shown in Figure I 11. It 
should be noted that the SSS measured relative displacement of the wheel's nut region 
(due to the boundary conditions around the illuminated studied area), while the LVDT 
system measured the absolute displacement occurring in that region. Hence the SSS data 
might include a displacement offset, which was a function of non-observed boundary 
conditions. There was a difference of 0.8[trn between the two measured values, in 
addition to the affect of other error sources. 
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It was noticed that both graphs coincide with each other to a large extent and had a similar 
line trend, with a distance gap of 0.8gm between them. This difference may caused by 
various issues such as, error in the data processing of the SSS results in addition to error 
identified in the LVDT system application. It should be noted that the surface 
displacement was small, and may be influenced by the noise floor of the LVDT system. 
In the vertical case shown in Figure 112, where the LVDT measured the displacement 
profile along the Y axis, it was found that the maximum displacement occurs on the edge 
of the rim of the wheel to reach an average of 93gm for the top point above the wheel nut, 
coming down to an average of 0.1 pm with a distance of -30mm from the bolt centre. 
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Figure 112: LVDT displacement measurements along the Y axis of nut 7 
of the BAel46 wheel under 60psi (413.7KPa) deflation pressure 
However the LVDT measurements above the wheel nut (points 1- 4) could not be 
correlated with the SSS results due to the design complexity of the wheel, which did not 
allow the SSS measurement on the edge of the rim. Hence the LVDT measurement under 
the wheel nut was of more value, because it could be correlated with the SSS 
measurements, so a more detailed graphical presentation of that region was taken and 
shown in Figure 113. The SSS measurements were plotted on the same figure with the 
LVDT to enable measurements comparison. It was found that the SSS and the LVDT 
LVDT displaceme"t values (micrometre) 
* LVUr P45 m LVDT P35 LVIYT P25 . LVDT PO )r LVDT P-1 5e LVUr P-20 + LVDT P-25 * LVDT P-25 
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measurements coincided with each other and both trend lines had a similar direction, with 
some variations in the graphs due to the same errors identified in the horizontal 
measurements in Figure I 11. 
SSS memurements 
A LVDT P-20 
Correlabon CDfficoft =0.68 
-Trendline (LVDT) 
Mean Displacernent Values (micromOW) 
LVDT PO m LVDT P-15 
LVDT P-25 * LVDT P-30 
HEB=2SD vAth 95% confidenoe, VEEW -Trendlire (SSS) 
Figure 113: Displacement correlation between the LVDT and the SSS measurements of the 
BAe 146 wheel along the Y a)ds under nut 7, with 60psi (413.7KPa) deflation pressure, and 5VS 
5.4.3.1 Results Analysis and Discussion 
The LVDT measurements provided absolute values for the displacement values and 
direction, which occurred during inflating or deflating the wheel. It was found that for 
the displacement direction during deflation, the two parts of the wheel moving towards 
each other. This helped to calibrate and correlate the numerical data obtained by using the 
SSS to give an actual measurement of the displacement on the wheel. 
What was most encouraging that the LVDT displacement data correlated well with the 
integrated displacement data. Taking into account the problems with the numerical 
integration, it was still possible to process a band of data across the wheel nut data sets, 
which did not contain any data voids. Once interrogated, this process had identified peak 
displacements as measured by the SSS of 1.9ýLm, with the LVDT providing an average 
value of 2.7gm. 
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The correlation was somewhat prone to the noise floor of the LVDT, which has an 
accuracy of 0.13ýtm and a repeatability of 0.5ýun- Consequently, all of the measurements 
around the wheel nut had been taken at the lowest end of the measurement resolution of 
the instrument. It was expected that when the static load test of the wheels completed at a 
later point in time, then substantially larger displacement, would be experienced 
providing better data integrity for the LVDT, although there would possibly be an issue of 
having to desensitise the SSS to measure the large deformation. 
5.5 Conclusions 
The chapter has provided a full description of the testing facility FRTM and the test 
wheels. It was found that major and minor modifications were required to update the 
FRTM, but due to the old age of the machine and infrastructure, some modifications were 
not possible. Hence inflation/deflation testing was introduced instead of the static load 
testing which was proposed initially. 
The SSS was used to examine and study the behaviour of both the Boeing757 and the 
BAel46 wheels in the industrial environment under the affect of inflation/deflation 
loading. The Boeing757 wheel produced poor contrast data in comparison with the 
BAel46 wheel probably as a function of the surface finish of the wheel. The BAel46 
wheel produced very good contrast data. Fuli wheel nuts scans were completed on both 
wheels exploring regions of odd behaviour and exhibiting more deformation around the 
wheel nut region. 
More detailed work was completed on specific wheel nut regions, which were showing 
more fringe concentration; hence more deformation. It was discovered that the wheel 
nuts were suffering from inconsistent wheel nut torque. This finding about the wheel nut 
torque setting was unique for the aircraft manufacturers, as no such information was 
available before. Hence further work was proposed to study the influence of torque 
variations on the wheel nuts, showing the affect of both low and high torque setting on the 
wheel nut. Graphical results were produced to establish a clearer idea about the wheel 
nuts behaviour in such conditions, and to give an indication about the SSS repeatability 
and reliability for producing valid engineering data. 
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Variations in the repeatability and reliability graphs were found and it was suggested that 
these variations were due a number of potential causes. These had been identified as 
including mass air movement (blower heating systems), people movement in the Test 
House, machine vibrations in the next-door test unit, all occurring either sequentially or 
simultaneously whilst the experimentation was carried out. 
Further analyses were completed on the BAel46 wheel using the LVDT system in order 
to measure the absolute displacement on the wheel nut region and to correlate with the 
SSS measurements results. Full graphical representation of both measurements were 
completed showing results coincident with some variation due to the previous issues, and 
to the fact that the LVDT measures absolute displacement while the SSS measures 
relative displacement. 
At this stage, it is appropriate to attribute conclusions to the SSS performance in an 
industrial environment such as DABS Test House. These could be summarised as the SSS 
was successfully able to produce valid engineering data although the data quality in the 
Boeing757 wheel was poor in comparison to the BAel46 wheel. The work demonstrated 
that the FRTM was not ideal for static load testing when using the SSS. This resulted in 
structural testing of the wheel being moved into an alternative type of testing machine, as 
it will be discussed in Chapter 6. 
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6 Tests on the Denison Machine 
6.1 Aims and Objectives 
T his chapter examines the novel use of speckle shearing interferometry for 
aircraft component analysis, specifically structural loading of aircraft wheels. 
The work considers the speckle shearing interferometer as a complete 
instrument and uniquely identifies the engineering reality of the repeatability and 
reliability of the technique in the industrial workplace environment. This work provides 
further evidence concerning the quality and strictures of the optical technique, and may be 
of use when considering the complex issues of technique certification for aerospace 
structural analysis, and training issues for operatives. 
Experiments were designed and conducted to provide information to answer the following 
issues: 
1. Data was required to demonstrate the capability of the SSS to measure wholefield 
wheel deformations whilst under large structural loads. This was achieved by 
measuring the displacement derivative of the wheel whilst applying a variety of 
preloads and subsequent incremental loads, simultaneously generating correlating 
data with LVDT system. It should be noted that applications of this nature (very 
large loading and analysis using speckle metrology) have received little (if any) 
attention within the engineering research literature. 
2. Data was required to identify the repeatability/reproducibility of the SSS. This 
was achieved through an extensive series of repetitive loading experiments, by 
applying one preload and then repeatedly loading and unloading with small 
incremental loads. 
3. Finally, data was required by other design elements of the aircraft wheel 
manufacturing company for the wheel design cycle, which was automatically a 
function of the two previous stages. However, due to commercial confidentiality 
issues, discussion of wheel redesign is not discussed within this reported work. 
The chapter is broken down into five sections, which describes in detail aspects of work 
which covers the above objectives. 
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0 Section (6.1) identifies the aims and the objectives of the chapter. 
0 Section (6.2) introduces the new testing equipment and environment. 
Sections (6.3 and 6.4) discuss the issues surrounding the radial static wheel 
loading test of the BAel46 wheel primarily, with minor reference to the 
Boeing757 wheel. 
Section (6.5) provides a validation route for the SSS data by applying and 
presenting the LVDT data from the wheel experiments. 
Finally, Section (6.6) draws conclusions from the work completed in this 
chapter. 
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6.2 Testing Equipment and Environment 
6.2.1 Test Equipment 
The Denison Machine (DM) at DABS (shown in Figure 114) is one of the major standard 
wheel testing machines based at the company. It is used routinely by DABS for static 
wheel loading distribution test on the wheel. Use of the DM is important for this research 
work, in order to obtain accurate data about the load distribution on the wheel when 
applying a radial static wheel loading test. 
As described in Chapter 1, the current wheel testing methods do not satisfy the wheel 
manufacturers, because they do not provide accurate information about the load 
distributions within the aircraft wheel. 
Figure 114: The DM at DABS, with the SSS mounted outside 
the safety cage and the PC near the loading control panel 
The DM consists of two holding arms with axle housings to hold the wheel, which allows 
rotational movement of the wheel only and no translation. The load is applied via the 
loading cell or table under the wheel, so the wheel maintains stationary while the table 
moves upward as shown in the schematic diagram in Figure 115, which shows the loading 
mechanism of the DM and the parts associated. 
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Holding arm 
Tyre 
Wheel axle 
Axle house 
Wheel nut 
Loading table 
Applied load 
Figure 115: Radial loadmg mechardsm of the DM on the aircraft %heel 
For safety reasons, the loading mechanism is locked inside a wire mesh cage, which is 
interlocked and shut during loading operations. The load control panel on the right of the 
machine is used to apply the required load via the loading table by means of hydraulic 
pumps. The wheel is inflated using nitrogen gas to the manufacturers recommended 
specification as discussed in Sections ( 5.2.1 and 5.2.2). 
6.2.1.1 DM Technical Specifications 
The DM (which is approximately 40 years old) has the following technical specifications: 
Maximum radial load of 100,000 lbs (444.8KN) 
Maximum side load of 17,000 lbs (75.6KN) 
Maximum diameter of inflated tyre around test wheel is 40 inches 
The platen can be applied in two horizontal planes 
Environmental ambient temperature (15 - 25'C), (Season dependant) 
Stated accuracy is 0.5% full scale 
Further information about the machine and the error associated with each applied load can 
be found within the DM calibration certificate in Appendix 2. 
156 
CHAPTER 6 
6.2.2 Radial Static Wheel Loading Test 
The Radial Static Wheel Loading Test (RSWLT) involved the Boeing757 and the 
BAel46 wheels at DABS. After fitting the appropriate wheel into the axle housing, the 
safety cage is shut and locked. At this stage it is appropriate to start to inflate the wheel. 
The SSS should be turned on and set up by adjusting the sensitivity vector and the 
illumination beam angle to the OOP configuration. Note that the IP configuration on the 
DM was not possible due to obstacles in the way of the illumination beam because of the 
machine layout and structure. 
The DM needed minor modifications in order to provide the SSS access to the test wheel 
inside the safety cage; this was opening a hole of 100mm diameter to allow the 
illumination beam through the cage. The SSS was mounted on a metallic platform outside 
the safety cage due to lack of space inside, but also to provide access to the SSS for 
sensitivity adjustment. The lateral shear both in the X and Y axes was set to 5.1% and 
10.2% (5mm and 10mm) respectively. Figure 116 shows the DM layout, with the SSS 
mounted outside the safety cage, and set up to an OOP configuration. 
Load control panel 
Safety cage around the wheel 
: ------- 
I 
------------------------------------ I 
I '-1 r") I) I 
I 
Aircraft wheel 
Rotation axlc 
1250 mm 
3 =7.5 0 Loading tablc 
----------------------- ----------- 
V 
sss 
Figure H 6: Experiment layout of the SSS and the DM to test the aircraft's wheel 
PC 
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The SSS was set up to illuminate part of the wheel, located between two wheel nuts as 
shown in Figure 117. Illuminating alternative wheel nut regions of the wheel required 
load removal and rotation of the wheel to the required region to face the laser beam and 
then applying the load as described earlier. Illumination of other wheel nut regions in 
different positions to the one shown in Figure 117 was not possible, due to the 
requirements of mounting the SSS on a higher platform; this required major modifications 
to the design of the DM structure, which was not possible to do at this stage for technical 
and financial reasons. 
Figure 117 shows the schematic diagram of the loading mechanism with illuminated 
region of the wheel in green laser light. The dotted circle on the top left of the wheel 
shows another nut region with illumination and camera viewing problems, which was 
difficult to test. Figure 118 shows the loading cell and its parts with the BAel46 wheel 
and laser illumination. Figure 119 shows of a close view of the region between the two 
wheel nuts on the BAel46 wheel, illuminated with green laser light. Note how the axle 
house is blocking illumination of other wheel nut regions of the wheel. 
Tyre 
Axle house 
98 mm Laser beam 
Figure H 7: Structure of the DM with the applied load on the BAel46 wheel 
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Figure 118: Aircrý wheel under RSWLTon the DM at DABS 
Figure 119: Illuminated region between the wheel nuts of the BAe 146 wheel 
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Testing the wheel in the region shown in Figure 119 will give information about the 
deformation in this region caused by the applied RSWLT and will allow displacement 
derivative maps comparison of the whole wheel by doing a full scan of the whole wheel. 
Applying various radial loads on the wheel will reflect on the deformation profile of the 
studied region and provide wholefield displacement derivative maps, which can be used 
for comparison and validation with the FE wheel model. 
The RSWLT started by switching on the image processing software subtraction algorithm 
(Chapters 2 and 3) to acquire a reference image of the illuminated area before loading, 
and then the load was applied via the loading table moving upward gradually and 
consistently until the required load was reached and the loading table stopped. In the 
meantime, while the load was applied, subtraction correlation fringe pattern would start to 
form on the PC monitor. This fiinge pattern was a direct indication of the wheel 
displacement derivative in the studied region resulting from the applied load. However it 
was found during initial trials of the RSWLT that the quality of the fringe patterns were 
poor, when applying a load between (0- 10,000 lbs) (0-44.5KN). This highlighted the need 
for applying a preload (10,000 - 20,000 lbs) (44.5-89KN) before applying the required 
load (500 - 3,000 lbs) (2.2-13.3KN) on the top of the preload, with an increment of 500 
lbs (2.2KN) each time. 
The preload prevents any bearing, axle, and machine part movement, which results from 
applying the step load. In another words, the preload will lock the movement of the wheel 
and the DM components, hence any applied load on top of the preload should reflect 
directly on the wheel structure only and will be translated into deformation within the two 
wheel parts. It is however recognised that the load is transmitted via the tyre, which 
introduces an ill-defined compliance to the system. After applying the load on the top of 
the preload, and once the fringe pattern had stabilised, the optical phase stepping process 
was introduced. Three phased stepped images were generated in addition to the wrapped 
optical phase map as shown and discussed in Section (3.6.1). 
Loading the tyre caused the two parts of the wheel to deform apart from each other as 
indicated in Figure 120. The SSS monitored the illuminated part behaviour and measured 
in real time the deformation caused by the applied load on the wheel. 
160 
CI 1A PTE R6 
Rotation axle 
Illinninated area of the wheel 
II 
Loading table Applied load 
Figure 120: Schematic diagram of the RSWLT using the DM 
6.2.3 Test Surrounding Environment 
As discussed in Section (5.2.3) the data quality of the SSS output was very much 
influenced by the surrounding environment of the test. Issues such as mass air movement, 
machine vibrations, and people movement reduced the data quality and generated data 
voids, discontinuities and noisy data within the wrapped optical phase maps. 
The RSWLT was mostly affected by the surrounding environment of the test, because the 
DM was located within a busy testing area as illustrated in Figure 121, which shows the 
location of the DM within the Test House, and the surrounding environment in addition to 
the other wheel and brake testing machines. The other wheel testing machines 
surrounding the DM operated simultaneously or individually, which generated mass air 
movement from the rotary fans of the motors and vibration translated through the ground 
into the DM. This was in addition to the mass air movement caused by the open doors 
around the Test House. 
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Figure 12 1: DABS Test House showing the working enviromnent for the SSS 
Another potential data degrading factor, which affected the RSWLT was the relative 
motion between the SSS platform and the wheel structure resulting from applying the 
load on the wheel only and not on the structure of the SSS. This resulted in fringe pattern 
decorrelation due to the relative motion. This problem was solved by applying the preload 
before applying the load, so the variation movement was so small that it did not affect the 
results. 
It should be noted that operating the DM and the SSS during quiet periods at DABS, (to 
reduce the noise and the error sources within the obtained data) was very difficult due to 
the heavy working schedule of the Test House, which received higher priority than the 
optical metrology experimentation and the DTI/EPSRC project. 
In summary; in spite of all the disturbing factors in this heavy industrial surrounding 
environment of the SSS and the DM, which led to significant but random environmental 
vibration and noise within the SSS data, the data quality of the SSS was sufficient to 
produce good and valid numerical wholefield displacement derivative maps of the studied 
region of the wheel. 
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6.3 RSWLT on the Boeing757 Wheel 
The aim of this section of the research was to measure the displacement derivative 
resulting from applying the RSWLT on the Boeing757 wheel by using the SSS, and to be 
verified, compared, and correlated with LVDT measurement results. 
The SSS was applied to the wheel, using a variety of pre-loads (5,000-20,000 lbs) (22.2- 
89KN) with increments of 2,500 lbs (11. lKN) each time, and a topping load (500-3,000 
lbs) (2.2-13.3KN) with 500 lbs (2.2KN) increment each time, and sensitivity of 5mm in 
both lateral shear directions. Basic and poor quality data were obtained, showing noisy 
deformations maps defining movement between the two parts of the wheel. This data was 
too poor for further numerical processing as the wrapped optical phase map contained 
voids and discontinuities within the fiinge pattern as shown in Figure 122, where a poor 
wrapped optical phase map was obtained by applying a preload of 10,000 lbs (44.5KN) 
and a load of 2,500 lbs (11.1 KN) on top of the preload. Note the voids and discontinuities 
were disturbing the fringe pattern data, which led to poor data quality. However, as 
experienced on the FRTM in Chapter 5, the Boeing757 wheel generally provided very 
sparse results for the OOP displacement derivative analysis, and typically produced 
poorer fringe contrast [ 158] although various shearing sensitivities were tried. 
Figure 122: N"ed wrapped optical phase niap for the Boeing757 
showing very poor ffinge quality 
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The sensitivity of the SSS was increased to 10mm, and the DM preload was raised to 
20,000 lbs (89KN) instead of 10,000 lbs (44.5KN) used in the first trial. This was in 
order to enable the SSS to monitor small deformations and prevent any wheel assembly 
components movement. The results showed that the data quality improved as shown in 
Figure 123 but remained poor, and not significant enough for further processing and 
analysis due to the presence of voids, noise, and discontinuities. 
Figure 123: Improved masked ffinge pattern of the Boeing757 
under 20,000 lbs (89KN) preload, 2,500 lbs (I LIKN) topping load, and lOVC 
6.3.1 Results Analysis and Discussions 
The experimentation demonstrated that data could be observed on the Boeing757 wheel 
during the RSWLT (Figure 122), although differential movement between the SSS and 
the test machine was a problem, especially if other large equipment were in operation at 
the Test House. The poor data quality from the Boeing757 wheel also highlighted the 
stiff structure of the wheel due to its size, because it was larger than the BAel46 wheel. 
The nature of its design as the angle (P) between its two sections was smaller compared to 
the BAe146 wheel (as illustrated in Figure 73 and Figure 76) did not allow the 
deformation between the two parts to be significant and observed by the SSS. 
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6.3.2 New Wheel Testing Approach 
As a conclusion of the initial work completed on the Boeing757 wheel, new approach and 
recommendations were proposed to perform the RSWLT on the wheel. These were 
summarized as follows: 
Replacing the Boeing757 wheel with the BAel46 wheel, as the latter had already 
proven to produce better quality data (Section 5.4). 
Reduce the noise and the vibration coming from other wheel and brakes test 
machines by choosing quiet times to perform the test. 
Increasing the SSS sensitivity from 5 to 10mm shear in both directions, so it could 
sense small deformations in the illuminated region. 
Increasing the preload applied on the wheel to be no less than 10,000 lbs 
(44.5KN), in order to stop the movement of the wheel assembly components. 
Explore the mounting of the SSS inside the safety cage, in order to eliminate the 
differential movement between the SSS and the DM. This was considered, but it 
was not possible to achieve due to the limited space inside. 
Fitting two wedges to the tyrc; to support fixing the wheel and to prevent any 
rotational movement. 
Applying the load in a gentler and smoother manner when using the loading 
control panel; to prevent any load drifting when introducing the optical phase 
stepping process. 
Careful consideration and completion of the above issues successfully led to a very 
significant improvement in the data quality produced by SSS, as will be shown in Section 
(6.4). 
Whilst the results exemplified by Figure 122 and Figure 123 were typically poor, this was 
in fact a very positive outcome from the first few days of testing on a new machine, given 
the new operating conditions and parameters being explored. It highlighted the need for 
further adjustments and optimizations to the equipments and the test surrounding 
environment. 
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6.4 RSWLT on the BAe146 Aircraft Wheel 
The aim of this section was to continue with the RSWLT but on the BAe146 wheel to 
measure the resultant displacement derivative by using the SSS; and to compare/correlate 
these measurements results with the LVDT displacement data after implementing the 
issues in Section (6.3.2). 
The SSS was applied to the wheel as shown in Figure 124, using sets of preload (10,000- 
20,000 lbs) (44.5-89KN), with increments of 5,000 lbs (22.4KN) each time, and a topping 
load (500-3,000 lbs) (2.2-13.3KN) with increments of 500 lbs (2.2KN), and sensitivity of 
(I OHC and I OVC). 
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Figure 124: The SSS on a metallic platform illuminating pan of the BAel46 wheel 
to measure the displacement derivative resuffing from applynig 2,500 lbs (11.1 KN) static load 
Initial trials were completed using the above test and loading conditions to investigate any 
improvement in the data quality of this wheel after implementing the approach and the 
recommendations discussed in Section (6.3.2). These trials showed a very significant 
improvement in the quality of the data produced, as shown in Figure 125, which 
demonstrated the degree of improvement in comparison to Figure 123 where the same 
experimental conditions were applied in the two tests. 
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Figure 125: Improved data quality ofthe BAe 146 wheel 
as a result of applying the new wheel testing approach 
It is noticeable on a visual qualitative basis that the level ot'volds and discontinuities has 
decreased in comparison to that shown in Figure 123 although the same loading 
conditions were applied in both test results. The improvement of' the data quality 
confirmed the interpretations about the causes of tile poor quality data discussed in 
Section (6.3.1). 
'rhese encouraging tnals on the BAe146 wheel under the new testing conditions led to the 
approval of the mentioned preload values to be implemented in subscquent tests. It also 
allowed the commencement of systematic experimentation to study and analyze tile 
behaviour of the wheel under different loading conditions, and to demonstrate tile range 
of the SSS sensitivities with respect to load regimes on the DM. This cxpci-iniciltation 
and tests on the wheel under the new testing conditions is discussed further in tile 
following sections. 
6.4.1 Load Increment Test 
The aim of this test was to investigate tile displacement derivat I vc pro IIIcoFt Ile BAc 146 
wheel in the illuminated region, subjected to the RSWLT, and under a fixcd preload value 
and an incremental topping load each time. The test used a range of' approved preload 
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values (10,000 -20,000 lbs) (44.5-89KN) with increments of 5,000 lbs (22.4KN), and a 
topping load range of (500-3,000 lbs) (2.2-13.3KN) with 500 lbs (2.2KN) increment. 
The results showed consistent fringe patterns progression with respcct to the load 
increment, where the fringe order number in each topping load case Incrcascd with 
respect to the previous load as shown in Figure 126. This illustratcd tlIc 11-111gc pattcrn 
progression within the wrapped optical phase maps for one set of irnpicniciltcd pi-cload 
value of 15,000 lbs (66.7KN) under I OVC. 
-111) 11), 
ý 
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I ý, Oo lbs 
'000 11IN 
Figure 126: Representation ofthe ýýrapped optica I phase maps progression oftlic BAc 146 whccl undcr a fixcil pre It )atl 
of 15,000 lbs (66.7KN), increment topping load ot'(500- 3,000 lbs) (2.2-13.3KN), and I OVC 
Furthen-nore, it was found from Figure 126 that when applying a topping load oi'3,000 lbs 
(I 3.3KN) or more, the quality of the data started to dcgradc sufficiclitly to Icad to pool- 
results. This was caused by fringe congestion due to the large dcl'orination, and liclice 
speckle decori-clation with respect to the SSS sensitivity. It was proposed to dccrcaSc the 
SSS sensitivity to less than IOrnm lateral slicar, in order to monitor such large 
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deformation. However as mentioned previously in Section (4.7.1), decreasing the 
sensitivity of the SSS caused poorer fringe contrast [158], and tended to generate noise 
within the numerical data, consequently topping loads were restricted to a maximum of 
3000 lbs (13.3KN). 
Further processing of the obtained data generated wholefield maps of the spatial first 
displacement derivative (Nlo'y) as a consequence of the application of Eq. 5 and Eq. 6 
(Chapter 2), when considering the case of the (N/ cýy ) term. 
An example of a 15,000 lbs (66.7KN) preload and 2,500 lbs (11.1 KN) topping load helps 
to illustrate the data generation process and allows verification of displacement profiles 
and values. These values were chosen because they proved to generate good quality data. 
An example of the displacement derivative output is shown in Figure 127 where a 3D 
mesh has been generated from the optical phase data shown in Figure 125. 
x 10, 
Y aAs (mm) 
120 "s (MM) 
Figure 127: 3D mesh of displacement derivative data ( 0-ýV / O'y ) calculated from 
the wrapped optical phase map in Figure 125 
From the 3D mesh in Figure 127 it was found that the displacement derivative profile of 
(ckv1q'y) took negative values (in blue) in the top section of the map and positive values 
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in the bottom (in red). This provided an indication concerning the shape of the 
displacement profile to be obtained when integrating ( aw / Oy ) in the Y axis direction. 
Generation of the displacement map was in the same manner as discussed in Section 
(4.3). Figure 128 shows a 3D mesh of the integrated displacement data for the 
illuminated surface of the wheel. It was found that the surface deformed away from the 
instrument as a function of the topping load on the wheel nut region, which was a 
function of the wheel design (as illustrated in Figure 73). Typically, loads of 500 lbs 
(2.2KN) to 2,500 lbs (11.1 KN) applied to the wheel (on top of the preload) caused surface 
displacement components of (2-15gm). Clearly, the deformation of the wheel as a 
function of the preloading would be significantly larger, but this was not measured due to 
movements of the wheel bearings. 
Figure 128: Displacement data calculated from the displacement derivative data ( OW 
/ C-y ) 
The displacement maps of each loading case were presented graphically by plotting a 
vertical midsection of the displacement data between the top and the bottom of the 
illuminated area, for each preload value against the Y axis. This was to identify the 
displacement profile and values of every point within the studied section in each loading 
case. This was done by rescaling the data to fit the actual dimensions of the illuminated 
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area of 74mm. Note that the original illuminated area was 98mm, but due to the shearing 
effect of 10mm, elimination of noise data around the edges, and rescaling factors, the 
valid data was limited to 74mm. 
Figure 129 shows graphical representations of the vertical midsections of the integrated 
displacement in the Y axis (Wy) for the three preload cases (10,000,15,000, and 20,000 
lbs) (44.5,66.7, and 89KN) with 2,500 lbs (11.1 KN) topping load in the three preload 
cases. Note that the SSS measured the displacement derivative resulting from the topping 
load only, and not from the preload. The preload as mentioned previously prevented any 
bearing, axle, machine, or wheel assembly movement during the measurement. 
SSS Di*bcwlalt 04 
- 10000 lbs - 15000 ba . 2003) bs 
Figure 129: Displacement profile (WY ) measured by the SSS for the BAel46 wheel under RSWLT for 
0 0,000-20,000 lbs) (44.5-89KN) preload, 2,500 lbs (11.1 KN) topping load and I OVC 
It was noticed from Figure 129 that the general trends and the displacement profiles of the 
three graphs tend to coincide with each other, as in the three preload cases the wheel was 
deforming in the same manner with some variations in the displacement values. It was 
also clear that the displacement values increase with the increment of the preload value 
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although the same topping load was applied in the three cases and that the SSS measured 
the topping load only as mentioned previously. 
From analysing the graphs of the three preload cases, it was noticed that the start points 
values for the three graphs at point 72mm on the Y axis had an approximate value of 
Opm, while there were variations in the maximum points values. In the case of 10,000 lbs 
(44.5KN) preload (red graph) the maximum displacement value was approximately - 
18pm at point 22mm, while in the case of 15,000 lbs (66.7KN) (blue graph) it was -21 pm 
at the same point, and finally in the 20,000lbs (89KN) case it was approximately -24Am. 
The minus sign in front of the displacement values were an indication about the direction 
of the displacement, which was negative in this case. It should be noted that the positive 
direction was considered when the wheel deformed towards the SSS while the negative 
was the opposite. The end points for the three graphs were at point -12 on the Y axis with 
displacement value of Oýtm for the three cases. 
Ideally the three graphs should overlay each other with no variations in the measured 
values. The variations shown in the three graphs led to the suggestion that there were still 
some small movements within the wheel assembly components, axle, bearings, rubber 
tyre, and machine parts which absorbed part of the topping load. For example, in the case 
of the 10,000 lbs (44.5KN) preload, part of the topping load was absorbed by the 
mentioned components and did not generate deformation compared to the 15,000 lbs 
(66.7KN) preload, where more preload was applied to prevent movement within the 
components. Hence the topping load had a bigger effect on the wheel deformation rather 
than the component compliance. The 20,000 lbs (89KN) preload case suggested that there 
were still some movement within the components structure because the topping load 
created the largest wheel deformation values among the three cases. This led to the 
conclusion that the more preload applied on the wheel the less movements within the 
wheel - machine components, which led to larger deformation values when large preload; 
so the larger preload the larger deformation measured and the more accurate measurement 
by the SSS. 
Care must be taken when interpreting the data shown in Figure 129, because it only 
represents the numerical integration for one of the two OOP displacement derivative 
components, namely (awlay). In order to have a better picture of the wheel deformation 
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when subjected to the RSWLT, the other OOP component (N, /(Iv) Should bc measured 
and analysed. This required the completion of anothcr RSWLT on the whecl with tlIc 
same previous test conditions for (Ow/ýy). Note that in some cascs the 
component was ignored because it was very small in comparison with thc (Ow/(ýI') 
component due to the large big movement occurring in that Y axis dircction. 
The RSWLT was repeated on the BAel46 wheel in order to measure the (011'/(ýv) 001' 
component and to have complete identification of the deformation profile occurring tile X 
direction under the previous test conditions. The analysis for the coniponclit 
was completed in the same manner as (N, /ýy). There were some parameters In tile 
software algorithms, which needed to be changed when integrating with respect to tile X 
axis direction. 
Figure 130 shows the fringe pattern progression for the component ((? 11, / (IV ) under a fixed 
preload value of 15,000 lbs (66.7KN) and incremental topping load between (500 - 3,000 
lbs) (2.2-13.3KN). The three preload values of (10,000,15,000, and 20,000 lbs) (44.5, 
66.7, and 89KN) were used during the test, but the fringe pattern progression was 
presented for the value of 15,000 lbs (66.7KN) only; due to tile similarity of' the fringe 
patterns in all cases. 
5011 Ihs 
20011 11), 
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F, igure 130: Rcprescmation oftlic wrappcd optical phasc maps progression oftlic BAc 140 whecl under a fixcd pl-cload 
of 15,000 lbs (66.7KN), increment topping load ot'(500- 3,000 lbs) (2.2-13.3 KN), and I oil(' 
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It should be noticed that the fiinge pattern progression in Figure 130 increased with the 
increment of the topping load applied in a very consistent and systematic manner, which 
suggested that the bigger the topping load applied, the larger deformation occurs. The 
shape of the fringe pattern in Figure 130 differs from those in Figure 126; where the 
ffinges in Figure 130 (the horizontal shear case) tend to be circular or part of a circle, 
whilst in Figure 126 tend to be horizontal uneven lines. 
Further processing of the data led to the generation of the first displacement derivative 
component (Nl&), which is shown as a 3D mesh in Figure 131 for one specific loading 
case of 15,000 lbs (66.7KN) preload and 2,500 lbs (11.1 KN) topping load. 
.4 x 10 
I 
Figure 131: 3D mesh of displamnent derivative data ( OV & 
From the 3D mesh in Figure 131, it was noticeable that the deformation profile of 
(c-wl&) component was taking a non-uniform shape and the colour distribution was 
random in comparison to Figure 127. It was more difficult to anticipate the profile shape 
of the integrated displacement map for this component. However this partial derivative 
profile was presented in a 2D mesh in order to display it better and have a clearer picture 
of the displacement derivative map, as shown in Figure 132. 
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Figure 132: 2D mesh of disphwement derivative data (Ow/&) 
The displacement derivative map presented in Figure 132 shows high positive 
displacement derivative values (in red) both in the bottom left area surrounding the left 
wheel nut, and top right area adjacent to the right vent hole of the wheel in the illuminated 
area (see Figure 119). The negative displacement derivative values (in blue) were located 
in reverse order of the positive as shown in Figure 132. 
The numerical integration of the (Nlo'x) component (Figure 133) has revealed that 
within the bottom section of the illuminated region, the wheel displacement values were 
positive (in red) which indicated that this section was deforming towards the SSS, whilst 
in the top section, the displacement values were negative (in blue), which meant that the 
wheel was deforming away from the SSS. The area between the negative and the positive 
values was the area of zero displacement located exactly where the nut boundary was 
from both sides. These findings coincided with the anticipated engineering interpretation 
of the wheel deformation when subjected to the RSWLT. Figure 134 shows a 3D mesh of 
the displacement profile identifying areas of positive and negative deformation as 
discussed. Note that the figure has been rotated around for display purposes only. 
The displacement maps of each load case were presented graphically by plotting a 
horizontal midsection of the displacement data between the two wheel nuts for each 
preload value against the X axis. This was to identify the displacement profile and values 
of every point within that section in each loading case, by rescaling the data to fit the 
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actual dimensions of the illuminated area between the two wheel nuts of 51.4mm. Note 
that the area of wheel nut and noise data was cut from around the edges of the 
displacement map. 
Figure 135 shows graphical representations of the horizontal midsections of the integrated 
displacement in the X axis (Wx) for the three preload cases (10,000,15,000, and 20,000 
lbs) (44.5,66.7, and 89KN) with 2,500 lbs (11.1 KN) topping load in the three preload 
cases. Note that the SSS was measuring the deformation resulting from the topping load 
only and not from the preload. 
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Figure 133: 2D mesh displacement data ( WX ) calculated from 
the displacement derivative data(&/ O-X) in Figure 131 
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Figure 134: 3D mesh displacement data ( WX ) calculated from 
the displacement derivative data ( O-W / ok ) in Figure 131 
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Figure 135: Displacement profile( Wx) measured by the SSS for the BAel46 wheel 
under RSWLT for (10,000-20,000 lbs) (44.5-89KN) preload, 2,500 lbs (11.1 KN) toppmg load and I OHC 
30 
It was noticed from Figure 135 that the general trends and the displacement profiles of the 
three graphs tended to coincide with each other, as in the three preload cases the wheel 
was deforming in the same manner with some variations in the displacement values. It 
was noticed that the displacement values increased with the increment of the preload 
value although the same topping load was applied and measured in the three cases by the 
SSS. 
From analysing the graphs of the three preload cases, it was noticed that the start points 
values for the three graphs at point -25.7mm on the X axis had an approximate value of 
0.2pm, while there were variations in the maximum and the end points values. In the case 
of 10,000 lbs (44.5KN) preload (blue graph) the maximum displacement value was 
approximately 2.1 jim at point 5,7mm, while in the case of 15,000 lbs (66.7KN) (red 
graph) it was approximately 3.1 gm at the same point, and finally in the 20,000 lbs 
(89KN) case it was approximately 3.2gm. The end points for the three graphs were at 
point 25.7 on the X axis with displacement values of (0.8,1.8, and 1.4[Lm) for the three 
cases. It should be mentioned that the plotted midsections were taken in the positive area 
between the two wheel nuts; so the integrated displacement values were positive. 
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Ideally the three graphs should overlay each other and be exactly the same, so no 
variations in the measured values above. Variations among the three graphs were found 
and especially between the 10,000 lbs (44.5KN) case and the other two cases; although 
the variation between 15,000 lbs (66.7KN) and the 20,000 lbs (89KN) were very small 
and both graphs coincided with each other in some parts as it was shown in Figure 135. It 
was anticipated that the variations between the 10,000 lbs (44.5KN) and the other two 
preload values were due the same reasons mentioned in the (OW10'y) case when analysing 
Figure 129. 
Variations between the 15,000 lbs (66.7KN) and the 20,000 lbs (89KN) graphs were 
found to be very small in comparison to the 10,000 lbs (44.5KN) case and the graphs 
coincided with each other in many parts. This led to the conclusion that the two preload 
values had almost generated the same deformation values as a result of the applied 
topping load of 2,500 lbs (11.1 KN) on the wheel. This meant that at 15,000 lbs (66.7KN) 
preload there was almost no movement between the wheel-machine components; (with 
respect to the horizontal shear component) so when the topping load was applied, it 
generated maximum displacement value measured of 3.1 ýtm. In the second preload case 
of 20,000 lbs (89KN), the movement within the wheel-machine component were very 
small in comparison to the 15,000 lbs (66.7KN) case and the topping load was not 
absorbed by any internal movement and entirely used to generate wheel deformation of 
maximum value of 3.2prn at the same coordinate point with a difference of O. Igm from 
the 15,000 lbs (66.7KN) case, which was eliminated when applying the 20,000 lbs 
(89KN). This meant that when the topping load was applied in the 15,000 lbs (66.7KN) 
case, it generated wheel deformation of 3.1 prn and lost 0.1 ýtrn within the wheel, tyre, and 
machine components. 
It should be noted that the locking preload value, which was discussed earlier had been 
verified when measuring the (&lax) component. This value could be identified as 
15,000 lbs (66.7KN) and above, which should be able to lock the (wheel - machine) 
movement and prevents the loss of any topping load deformation within the wheel - 
machine components. 
The conclusion from measuring the (owlax) component on the BAel46 wheel when 
subjected to the RSWLT, was that the wheel was exhibiting deformation in the 
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illuminated area. This deformation was relatively small when comparing it with the 
(O'Wo'y) displacement derivative component, but it can still be measured and calculated 
using the SSS. In summary, it can be said that the more preload applied on the wheel the 
less movement within the (wheel - machine) components, which led to more consistent 
deformation values when using large preloads. 
6.4.2 Combination of the OOP Components 
Combining the two displacement derivative components (&10x) and (OW/cy) would 
provide information about the total relative displacement of the wheel when subjected to 
the RSWLT. One component will not reflect the true defon-nation occurring due to the 
loading, but will only identify the deformation in the direction of the shear (either X or 
Y). So it is important to combine both to find the actual displacement profile and values 
within the wheel. 
The combination process can be completed in two ways. Firstly, by combining the two 
displacement derivative maps for the two components (awl0x) and (&/O"Y) together (as 
discussed in Section 3.6.4) and then integrating the resultant displacement derivative map, 
in both directions. The displacement components results should then be combined to 
generate the total relative displacement map of the wheel. However this method of 
producing the total relative displacement map is not practical and generates more errors 
within the data, because shifting the data in the images as a function of the lateral shear 
(Section 3.6.4) has to be completed twice, once on the displacement derivative maps and 
the other on the displacement maps themselves, which might generate extra errors within 
data during the numerical processing stage. The other limitation of the method is that the 
resultant displacement map would be integrated twice in the two shearing directions (X 
and Y) a process, which might generate more numerical errors within the data, which 
might produce a misleading data. 
The second method can be summarized by combining through the quadrature the 
integrated displacement maps (Wx) and (Wy) shown in Figure 136 together (as 
discussed in Section 3.6.4). The resultant map will be the total relative displacement map 
for the wheel and will be a true reflection of the displacement occurred in the X and Y 
axes directions. This method was much easier to implement and less crrors to generate as 
the numerical processes were less and simpler in comparison to the first approach. Figure 
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137 shows a 3D mesh of the total relative displacement map of the wheel; created by 
combining the two displacement components (Wx) and (Wy) together. 
x 10, 3 
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Figure 136: (left) 3D-Displacement pro ( WX ) of Figure 134, 
(Right) 3D- Displacement mesh (Wy) of Figure 128 
Figure 137: 3D mesh of the total displacement map (W) (combination of ( Wx ) and ( Wy )) for nut 7 am of the 
BAe 146 wheel, under 15,000 lbs (66.7KN) preload and 2,500 lbs (11.1 KN) topping load measured by the SSS 
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6.4.2.1 Results Analysis and Discussions 
By analysing the total relative displacement map in Figure 137, it was noticed that the 
displacement had taken the direction and the profile of the (Wy) component, because this 
component was dominant on the wheel deformation during the RSWLT in comparison to 
the other component (Wx). It is noticed that the maximum displacement value of the 
total relative displacement map is not a direct addition of the other two maximum values 
of (Wx) and (Wy), due to the quadrature process used (as discussed in Section 4.3), and 
that the coordinates of the maximum values in the two maps may potentially differ from 
each other. The resultant maximum displacement value may be a function of the addition 
of two other values within the two maps. 
Further analysis was completed on the 3D mesh in Figure 137 by taking a vertical 
midsection and representing it graphically as shown Figure 138. 
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Figure 138: Vertical section of the total displacement map (W) in Figure 137 
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It was noticed from Figure 138 that the profile started from the same point as (Wy) graph 
in Figure 129, (point 72mm) with a displacement value of Ogm, as this point was on the 
mask boundary. The displacement values increased consistently until reaching a 
maximum value of -20gm at point 20mm. At this point the graph changed direction and 
- 
1+00 -&OOE-06 0,00 
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the displacement values decreased systematically until reaching the minimum value of 
Opm at point -1 2mm. 
As a conclusion to the load increment test on the DM, it should be noted that the BAel46 
wheel has deformed consistently under the RSWLT with variety of preload values to lock 
the (wheel - machine) movement. A series of topping loads were applied on the top of 
the preload in order generate deformation within the wheel. The resultant displacement 
derivative was measured by the SSS in both axes direction (X and Y). In the Y direction 
the wheel exhibited significantly larger deformations compared to the X direction. It 
should be noted as well that only the representation of three preload values (10,000, 
15,000, and 20,000 lbs) (44.5,66.7, and 89KN) with a topping load of 2,500 lbs (11.1 KN) 
were shown in this chapter due to the similarity with the others. 
Combination of the two integrated displacement components (Wx) and (Wy) was 
completed by combining the two integrated displacement maps. The resultant map was 
the total relative displacement map, which was a reflection of the deformation occurring 
in the wheel as a result of the topping load applied. The deformation profile of the total 
relative displacement map coincided very much with the map for the component (Wy). 
The important outcome of this series of experimentation was that it demonstrated the 
successful use of the SSS on an essential piece of key testing equipment used by DABS 
on routine basis. A significant development was made by moving away from the use of 
inflation/deflation testing, and to study wheel deformation using very large loading of tyre 
and wheel. Such significant compressive loading and analysis using the speckle shearing 
interferometry has not been reported in the literature, either from an optical metrology or 
aerospace point view. Early indications suggested good repeatability of results, but these 
are quantified in the later sections. 
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6.5 SSS Measurement Verification Test 
The aim of this section of work was to use a traceable LVDT to measure the IbSOILI(C 
displacements resulting from applying the RSWLT under a preload of' 15,000 and 20,000 
lbs (66.7 and 89KN) and a topping load of 2,500 lbs (11.1 KN) on the BAc 146 wheel 
using the DNI at DABS, in order to be compared and vcrificd with the SSS nieaSUrCII1CIItS. 
These measurements would provide absolute values for the displacement magnitudes and 
direction, which occurred during the RSWLT. This would help to compare the SSS 
measurements with the LVDT ones and then to calibrate the SSS measurements to give 
an actual measurement of the displacement on the wheel. 
The test was carried out in the area between nut 7 and nut 8 of the BAc 146 wliccl (I, igure 
139) on five points along the X axis, (starting from point (-2) until point (2)), in(] oil live 
points along the Y axis (starting from point (-I) until point (3)) taking into considel-Mlon 
that the intersection point between the Y and the X axes is tile zero or ol-iclitation point. 
The separated distance between two consecutive points was 10inni as was Illustrated in 
Figure 139. 
Parts of' the venti lation holes 
P(3) 
Wheel nut 7 
/ 
Orientation 
11 
kl4l I 
! 9---- -e I p(-1) I{ ) 
INDT measurement point 
/ WI)CCI nut 8 
P, Q) , 
x 
Figure 139: Schematic diagran, oftlic L. VDT ineasuremoit I)oi III's on I lic I iAc 14 o \%I iccl 
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6.5.1 Experiment Setup 
The experimentation started by clamping the LVDT system to a steel post attached to a 
magnetic holder inside the loading cell, normal to the surface of the wheel. The 
transducer was positioned on the marked points along the X axis starting from point (-3). 
The preload was incremented until it reached 20,000 lbs (89KN) whilst recording the 
absolute displacement resulting from the preload (Note that these readings were recorded 
for reference only and not for calibration with the SSS measurements, because the SSS 
did not measure the preload deformation). The LVDT reading was zeroed to start 
recording the absolute displacement as a function of the topping load of 2,500 lbs 
(11.1 KN). 
Figure 140 shows a picture of the LVDT system taking the absolute displacement 
measurement of point (3) along the Y axis of the BAel46 wheel. Note that the LVDT 
was presented horizontally at the surface, replicating the SSS sensitivity vector. 
Figure 140: LVDTsystem measuring the displacement value 
between nuts 7 and 8 of the BAe 146 wheel on the DM 
The collected displacement data were processed, analysed, and presented graphically in 
order to study, analyse and measure the wheel behaviour and deformation resulting from 
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applying the loading conditions. Figure 141 shows graphical representation of the 20,000 
lbs (89KN) preload case for the LVDT measurements on the BAe 146 wheel. 
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6.5.2 Results Analysis and Discussions 
It is noticed from the graph in Figure 141 that the profile trend of the wheel behaviour 
using the LVDT system was very much similar to those results found using the SSS. The 
wheel was deforming away from the instrument in the negative Z axis direction although 
some variations were found. The general trend of the graph along the Y axis showed that 
the displacement value was -6.3gm at the top point (30mm) and increased to the value of 
-8.7gm at point (20mm) and then it decreased slightly at point (10mm) to become -8.3gm. 
At point (Omm) where the origin was, the value rose again to become -9.1 [1m, and finally 
at point (-10mm) it decreased to become -2.5pm. 
The error sources associated with the measurements above were estimated; and plotted on 
the graph in the shape of EB to show the potential errors extension of the graph in both 
the X and Y axes. 
The HEB on the graphs represent errors within the LVDT measured absolute 
displacement and were estimated as follow: 
186 
CHAPTER 6 
1. Backlash, hysteresis, creep/ relaxation in the rubber matrix of the tyre error of 
±O. 3gm 
2. Load drifting error of 4: 0.2gm 
3. Error resulting from mispositioning the LVDT system ofI0.5gm 
4. LVDT system stated accuracy error of ±Igm 
5. Human error of ±0.25gm 
The above numbers were combined through a quadrature to produce the total potential 
HEB, which gave a total value of 2.4gm.. 
The VEB presented the potential errors within the point location on the Y axis and they 
were estimated as follow: 
1. Human measurement error ±0.5mm 
2. LVDT system misposition error ±0.8mm 
3. Cosine angle error of ±0.5mm, because the measured surface was not flat 
Similar to the HEB case, the above numbers were combined through quadrature to 
produce the total potential VEB, which gave a value of 2mm 
It should be mentioned that it was very difficult and impossible in some cases to calculate 
the actual percentage contribution for each error source, due to difficulties of switching 
off some machines in order to record the influence of others, due to the heavy work 
schedule in the Test House. 
To enable a clear and accurate comparison with the LVDT results, another test was 
completed on the wheel using the SSS with the same experimental conditions of the 
LVDT (20,000 lbs (89KN) preload and 2,500 lbs (IIAKN) topping load). Thistestwas 
repeated on seven occasions, leading to seven line profiles of displacement components as 
shown in Figure 142. 
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Displacement Ipm) 
24/0003 am ý 25/02103 am 
46ý 
- 25A)2M pm 26A)2103 am - 2&02JO3 pm - *-- 27/02'03 am -1 27/02103 pm 
Figure 142: Displacement measured by the SSS on the BAcl46 wheel 
using DK I OVC, 20,000 lbs (89KN) preload, 2500 lbs (11.1 KN) topping load 
The general trend of the graphs in Figure 142 along the Y-axis shows a clear rise in the 
displacement value in the position of point (1), which reached approximately -12gm in 
the negative direction of the Z-axis. It should be noted that the graph data presents only 
part of the wholefield measurement map, which is (40 x 40mm). This is matched to the 
LVDT measured points on both axes. 
It is noticeable from Figure 142 that there is a variation as a function of time; this was 
possibly being caused by changing equipment usage (and consequently environmental 
noise sources) within the test environment, other than the equipment reported. The 
variability of the changing noise sources introduces more uncertainty into the 
comparability of the data, but this was the reality of operating interferometric measuring 
equipment in industrial environments. In many cases, it will not be possible to control the 
environment, only the local test conditions and variables. 
The operational set-up of the SSS and the wheel testing equipment remained identical 
throughout the testing period, although it was recognised that issues of backlash, 
hysteresis, creep/relaxation in the rubber matrix of the tyre, and other machine errors may 
also had contributed to the variation. The data in Figure 141 and Figure 142 may be 
summarised by Figure 143, which shows the mean values for the SSS data line, the two 
sigma ( 2c ) standard deviation bounds and data obtained from the LVDT system. 
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Figure 143: 2a repeatability bounds and LVDT data, compared with 
the mean displacement profile derived from the SSS. 
The purpose of showing the two sigma bounds is that they represent the 95% confidence 
limits of the data. This leads to a maximum (2c) value for the speckle shearing derived 
displacement data of 3.7gm for this particular work. The point-wise LVDT data tends to 
agree with the optical data, although the extent of the 2.4gm EB on the LVDT data is 
significant. As already identified in Chapter 4, the stated accuracy of the LVDT system 
(I Omm range) is I gm with 0.1 gm repeatability. However, the LVDT system was used to 
measure small displacement (0 - 12pm), which is very close to its noise 
floor. Any 
transducer errors may therefore become more significant and will influence the 
correlation with the optical data. A simple example is if the LVDT system is not placed 
normal to the measured surface, thus causing a cosine error, and an incorrect reading 
although the position does match the sensitivity vector of the SSS, (which has not been 
adjusted for object shape). 
In the X-axis measurements, the (-20mm) and (+20mm) points were in the centre of the 
wheel nut bolts of the two rims as shown in Figure 139. The displacement profile for the 
region between bolts was increasing and reached a mean value of -9.1 gm at point (0), 
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which confirmed the fact that the wheel was deforming in the positive direction of the Z- 
axis in the lower part of the illuminated region and negative in the upper part. Figure 144 
shows a graphical representation of the LVDT measurement profile on the points along 
the X axis of the wheel. It should be mentioned that the calculated VEB in the LVDT 
measurements were applied to the horizontal case as well, because the same experimental 
conditions and errors sources were present when performing both measurements. 
As in the vertical measurements; seven horizontal sections of the SSS results were 
presented graphically for comparison and calibration with the LVDT results taken in the 
same experimental conditions. It should be noted that these sections were taken from the 
lower part of the displacement map shown in Figure 133, because it correlated with the 
LVDT measured region. Figure 145 shows graphical representation of the horizontal 
sections of the SSS integrated displacement maps. 
It is noticed that the general profile trend of the graphs in Figure 145 shows that the wheel 
was deforming in the positive Z axis direction with an average displacement value of 
1.3ýtm at point (-20mm) and then it increased at point (Omm) to reach an average value of 
6.9ýtm, then it started to deform in the negative direction in the final part of the measured 
region to reach an average value of -8.5gm at point (20mm). The variations 
in the graphs 
have been assumed to be due for the same reasons mentioned in the vertical case; 
discussed within Figure 142. The data in Figure 144 and Figure 145 may be summarised 
by Figure 146, which shows the mean data line and the two sigma (2a) standard 
deviation bounds and data obtained from the LVDT measurements. 
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Figure 144: LVDT displacement measurements profile taken along the X a)ds using the LVDT system 
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Figure 145: Displacement measured by the SSS on the BAe 146 wheel 
under lOHC, 20,000 lbs (89KN) preload, and 2500 lbs (I I. I KN) topping load 
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Figure 146: Repeated line profiles Of displacement taken through horizontal section 
of the wheel profile using both the SSS and the LVDT system 
Again as mentioned previously in the vertical measurement, the purpose of showing the 
two sigma bounds in the horizontal measurements was that they represent the 95% 
confidence limits of the data. This led to a maximum (2a) value for the speckle shearing 
derived displacement data of 15.8tim for this particular work. The point-wise LVDT data 
tends to agree with the optical data, although the extent of the 2gm EB on the LVDT data 
is significant and overall there was a poorer correlation than that shown for the vertical 
profile (Figure 143). However, the LVDT system was used to measure small 
displacement (0 - lOpm), which was again very close to its noise floor and any transducer 
errors may therefore become more significant and would influence the correlation with 
the optical data. 
It is important to realise that this statement of displacement component measurement 
quality, in terms of repeatability (or reproducibility), is specific to the design of the SSS, 
the software and hardware specifications of the image processing, and the operational 
characteristics of the aircraft wheel compression testing machine used in this work. If the 
measurement instrument is transferred to another applications area, then the experimental 
variables (and error sources) will be changed and potentially the repeatability may also 
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change. An additional issue that should also be considered is the form of the object being 
analysed, because the relationships discussed in the theoretical section in Chapter 2 are 
particularly relevant to the analysis of planar (flat) surfaces. If the object being analysed 
is not planar, then the change of geometry will cause a change of instrument sensitivity, 
which if not taken into account will create further errors in the data processing and 
interpretation. 
6.6 Conclusions 
'Mis chapter has described the novel and successful application of the SSS to the analysis 
of large scale structurally loaded aircraft wheels using the DM at DABS. Both aircraft 
main wheels (Boeing757 and BAel46) have undergone a series of RSWLT. It was found 
that the Boeing757 wheel demonstrated very little deformation due to its stiff structure 
and unique design. This caused poor subtraction correlation data, which were not suitable 
for further processing due to the high level of noise. It was found that the noisy data were 
due to various issues such as vibration, noise, and movements within the surrounding 
environment and relative wheel machine movement. 
A new testing approach was taken to test the wheels, which showed very good data 
quality improvement on the BAe146 wheel. The new approach used a preload value of 
(10,000,15,000, and 20,000 lbs) (44.5,66.7, and 89KN) to the wheel before applying the 
actual load of (500-3,000 lbs) (2.2-13.3KN) with increments of 500 lbs (2.2KN) each 
time. It was found that the preload was essential to perform the RSWLT in order to 
produce deformation within the wheel structure to prevent any wheel-machine 
components movement, and to reduce the noises and vibrations within the test 
environment to minimal. 
The BAe146 wheel underwent a series of tests to measure the displacement derivative 
resulting from applying the RSWLT in both shearing directions. Wholefield non-contact 
wrapped optical phase maps for the two displacement derivative components (OWlax) 
and (o'wlcy) were generated and integrated in some cases to reveal the wheel 
displacement profile when subjecting to RSWLT. It was found that in the vertical case, 
the wheel deformed away from the SSS, whilst in the horizontal case it deformed towards 
the SSS in the lower part and apart in the upper part. 
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The load increment test on the BAel46 wheel showed the influence of topping load 
increment on the wheel deformation, ensuring that the larger the topping load applied, the 
larger the deformation generated within the wheel. The range of the topping load should 
remain within 500 - 2,500 lbs (2.2-11.1 KN), because any value larger than 2,500 lbs 
(11.1 KN) would cause speckle decorrelation and a decrease in instrument data quality. It 
should be mentioned as well, that the larger the preload applied, the larger the 
deformation resulted from the same topping load, although variations were small between 
the 15,000 and the 20,000 lbs (66.7 and 89KN) cases. 
Combinations of the two integrated displacement components (Wx) and (Wy) were 
created in order to observe the entire wheel deformation occurring under the RSWLT- 
The results were presented graphically to show the entire displacement profile and values 
generated from applying 15,000 lbs (66.7KN) preload and 2,500 lbs (11.1 KN) topping 
load. The obtained displacement profile (W) tended to agree with the profile of (Wy), 
because it was the larger and dominant component compared to (Wx). 
Another important novel aspect of this work has been to consider the quality and 
confidence of the measurements. The SSS had measured surface displacement 
components in the range of 0- 15pm, which tended to agree with point wise data 
collected using the LVDT system. Both the SSS and the LVDT results tended to have the 
same displacement profile, although variations between the graphs were found due to 
various issues mentioned within the main body of the chapter. 
Through the repeated experimentation, the two sigma displacement component 
repeatability of the SSS for this specific object/load case has been calculated and plotted 
graphically to be compared with the LVDT results. It showed the value of 3.7gm, 
although it was important to note that this value would change if the experimental 
conditions or the design of the optical transducer were changed. 
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7 Repeatability& Reproducibility Tests 
7.1 Aims and Objectives 
T he purpose of this chapter is to identify and discuss the engineering reality of 
the repeatability, reproducibility, and accuracy of the SSS, both in the 
controlled environment of the optical metrology laboratory, and for 
comparison, in the industrial workplace. The work considered the speckle shearing 
interferometer as a complete instrument, where every effort was made to consider and 
include instrument design features, which acknowledged the existing body of knowledge 
conceming error sources. 
The analyses of the repeatability (and potentially reproducibility) of Electronic Speckle 
Patterns Shearing Interferometry (ESPSI) were completed via detailed experimentation in 
the controlled environment of the optical metrology laboratory at LU, and for comparison 
purposes, within the non-controlled environment of industrial test facilities at DABS. 
Tests were completed on the BAel46 main wheel using the DM in applying large 
RSWLT. 
7.2 Introduction 
Optical metrology tools have achieved significant commercial isation over the last twenty 
years through a number of European and North American companies. Instruments have 
found niche applications which can be generally summarised as composite materials 
analysis, although more recent applications have attempted to concentrate on strain 
measurement [ 18], 
The success of ESPSI as a commercial tool has resulted from the ability for the 
instrument to highlight regions of stress concentration within materials, mainly as a 
function of defects within composite structures. Typical output of the analysis was in the 
form of qualitative correlation fhnge pattern, with perhaps limited image enhancement to 
emphasise the positions of fringes. The introduction of fringe processing techniques to 
extract the optical phase terms from the fiinge pattern has allowed the production of 
quantitative data. This is now the de facto standard for commercial equipment of this 
nature. 
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Application of a quantitative measurement technique to an engineering analysis problem 
will lead to inevitable questioning of the integrity and confidence of the data, especially if 
the measurement tools are seen as being of routine use. The issue of data integrity can be 
divided into several specific elements, which may be dominated by the questions of 
resolution, repeatability, accuracy and even traceability to the relevant primary standard, 
in this case the metre. Like many of the wholefield optical metrology solutions developed 
over the last thirty years, aspects of error sources and analysis have been attempted and 
addressed, but these have been mainly driven (although not necessarily exclusively) from 
an interest of the instrument optical physics, rather than the viewpoint of engineering 
measurement confidence. 
Defining the accuracy of a measurement instrument should normally involve a direct or 
indirect comparison (via working/transfer standards) with the relevant primary standard. 
This is often achieved through comparison measurements, or the use of an artefact of 
known properties. Unfortunately, speckle shearing interferometers and other similar 
wholefield techniques do not currently have a route of traceability to the primary length 
standard, the metre, although a recently completed European Union funded project [159] 
has been considering these issues as its core topic area. 
Examples of the consideration of error sources can be found with respect to all forms of 
speckle metrology, such as speckle photography [1601. Works concerning aspects of 
optical phase manipulation and errors analysis have been examined with respect to 
speckle metrology generally. For example, much of this work can be summarised as 
desensitising optical phase shifting algorithms to linear and non-linear spatial errors in 
optical phase-shift interval, as well as intensity non-linearities in detectors [152,161]. 
Errors induced by filtering optical phase-shifted ESPI fringes have also been examined 
[162]. Further work has been completed which questions the validity of some basic 
assumptions of generic interferometer design, specifically looking at the consequences of 
using non-collimated object illumination [63,163,164]. The errors that can result from 
the Fourier transform method for optical phase manipulation have also been discussed by 
a number of authors [165-167]. All of this referenced research work and undoubtedly 
other publications contribute in a most valuable way to the body of knowledge for speckle 
pattern intcrferometry, but do not address the question of engineering measurcmcnt 
confidence. 
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If speckle shearing interferometry is taken as the specific case in point, then recent 
publications also demonstrate a growing concern about issues of error sources and their 
overall affect on data integrity. Consideration of accuracy and errors specifically in 
speckle shearing interferometry have until recently been limited to issues concerning 
fringe visibility [135,158,168]. More recent work has examined the potential problems 
of cross-sensitivity between displacement and displacement derivative components (59, 
60,169], analysis of the influence of higher order spatial derivatives [18,61,170], and 
further analysis of the consequence of non-collimated illumination [62,121 ]. 
It is however possible to define the quality and confidence of the instrument and 
measurements through an understanding of the repeatability and reproducibility of the 
data. This has been completed within this work, and has been demonstrated for the SSS 
ideal laboratory based repeatability versus the reality of industrial measurement 
repeatability. This work is further extended by the results presented here, which 
demonstrates the repeatability of the speckle shearing interferometer for both 
displacement derivative and displacement analysis. 
This chapter attempts to consider the SSS as a complete instrument and starts to identify 
and discuss the engineering reality of the repeatability, reproducibility, and accuracy of 
the technique, both in the controlled environment of the optical metrology laboratory, and 
for comparison, in the industrial workplace. This is completed within the context of 
international metrology standards which provide the foundation for metrology equipment 
quality statements. In this context, repeatability and reproducibility are quantifiers which 
help to identify the ability of a measuring instrument to give the same value of the 
quantity measured, but not taking into consideration the systematic errors associated with 
variations of the indicators. Accuracy is the measure of the ability of a measuring 
instrument to give indications approximating to the true value of the quantity measured. 
As it was mentioned earlier every effort has been made to consider and include 
instrument design features, which acknowledge the existing body of knowledge 
concerning error sources, as exemplified during the body of this introduction. 
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7.3.1 Laboratory Experimentation 
The laboratory experimentation was designed to provide a controlled reference set of data 
in terms of measuring instrument performance. The aim of this test schedule was to 
develop further understanding of variability of the SSS output and to measure the OOP 
displacement derivative resulting from applying a central displacement on the SCP using 
the Mitutoyo Series I 10 differential micrometer (Figure 3 1) with 0.1 gm resolution and 
1.5[Lm stated accuracy for one complete barrel revolution (50gm). Variability and 
variation were caused by changing environmental disturbances (people, air movement, 
vibration, and others) and experimental differences/ uncertainties. Verification of the 
SCP deformation or displacement profile was achieved using a grid of LVDT data points 
as shown in Figure 147. It should be noted that all equipments were mounted on an air- 
damped vibration isolating table, within a temperature controlled laboratory (maximum 
drift ±I'C/hour). 
Figure 147: (Left) Tbe SCP vvith marked grids for deformation profile using the LVDT and the SSS-. 
(Right)'Ibe SCP is illuminated with laser beam in the studied area 
The SSS was laterally sheared with respect to the X axis by 5.1% of the object 
illumination diameter (5mm) and 10.2 % (10mm). Analysis was also separately 
completed for the vertically sheared component using these lateral shear values. 
Displacement of 51im was applied at the SCP centre using the differential micrometer. 
Experimentation concentrated on loading and unloading the SCP in 5pm increments, 
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whilst recording phase stepped speckle shearing interferograms. Displacement unloading 
of the SCP back to zero (no displacement) allowed identification of any micrometer 
hysteresis or backlash errors. Loading and unloading operations were completed ten times 
per day on three different days, and the results were tabulated and graphically analysed 
and the repeatability statistics were determined through corrected standard deviation 
calculations. 
7.3.2 Industrial Test Facilities Experimentation 
The aim of this test schedule was to develop further understanding of variability of the 
SSS output and to measure the OOP displacement derivative resulting from applying the 
RSWLT to the BAel46 wheel. Variability and variation were caused by changing 
environmental disturbances (people, air movement, vibration, and others) and 
experimental differences/ uncertainties as already discussed in Chapter 6. 
The wheel and tyre were mounted in the dedicated DM as previously shown in Figure 
118. The SSS has been applied to the wheel, using a variety of pre-loads (10,000,15,000, 
and 20,000 lbs) (44.5,66.7, and 89KN), these ranges were chosen due to their 
effectiveness in producing good quality fringe pattern, with a topping load increments of 
2,000 lbs (8.9KN) for the (5HC, 5VC, I OHC, and I OVC) shearing conditions cases. Once 
the wheel preloaded, it was then subjected to further topping load of 2,000 lbs (8.9KN) 
force with the resolution of machine loading being 50 lbs force (222.4N) (. Machine 
accuracy was estimated at ±50 lbs force (222.4N). Loading followed the same 
specification as for the SCP, with loads being applied and then removed, again this 
provided infonnation concerning machine backlash and hysteresis. The experimentation 
has demonstrated that data can be observed on the wheel during the compressive 
RSWLT, although differential movement between the SSS and the DM was a problem, 
especially when other large equipment was in operation in the Test House. 
The SSS set-up was maintained as previously described (Chapter 6) to analyse a 98mm 
diameter section of the aircraft wheel. SSS parameters were maintained as per the 
laboratory experimentation, although the SSS was hard mounted to the compression test 
machine, thereby helping to reduce any relative motion between the two units. 
Loading and unloading operations were completed five times for each different preload 
and respective incremental load in the four implemented shearing values and directions, 
with the results being tabulated and graphically analysed in the same manner as the SCP 
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ones, which was explained in Chapter 4. However, in this case, the experimentation 
parameters and approach were determined by the testing machine and aircraft wheel. In 
particular, the time taken to complete one loading cycle was considerably longer than that 
for the laboratory SCP, hence only five experimental data sets were obtained for each 
preload and shearing direction case; due to facility time constraints. Repeatability 
statistics were determined through corrected standard deviation calculations as in the 
laboratory experiments. Reference displacement data was provided via analysis of the 
wheel deformation using LVDT system [ 155]. 
7.3.3 Results Analysis and Discussions 
7.3.3.1 Repeatability versus Reproducibility 
'ne repeatability of results of measurements is defined as "closeness of the agreement 
between the results ofsuccessive measurements of the same measurand carried out under 
the same conditions ofteasurement ", this definition being identified in the ISOM Guide 
99999 document (157], the NIST TN1297 equivalent [171] and related British Standards 
[172-174]. These conditions are known as the repeatability conditions, and assume that 
the same measurement procedure was applied, the same observer was used in the same 
location, the same measuring instrument was used, with repetition completed over short 
period of time, although the length of time is not explicitly identified in the technical 
documentation. Repeatability can then be expressed quantitatively in terms of the 
dispersion characteristics of the data sets. If it assumed that the data is of a normal 
distribution, then confidence limits may then be applied to the statements of repeatability, 
typically in bands of Ia (67.5%), 2a (95%) or 3a (99.7%). 
When considering the repeatability of the individual data tenns, then this would ideally be 
completed on the basis of understanding the measurements, i. e. the smaller the 
uncertainty, the better the repeatability [174]. However, a full instrument uncertainty 
analysis for a speckle shearing interferometer has not yet been completed by the research 
community, although as noted in Section (7.2) certain individual elements of error 
analysis have been considered. Consequently, it is more appropriate to define the 
research in terms of the "repeatability of the measuring instrument" [174], which 
disengages the quality statements from the individual systematic and random error 
sources. In this case, it is appropriate to identify the repeatability error as the standard 
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deviation (root mean square repeatability) of the measured data, with a statement of the 
coverage factor. 
If any of the measurement conditions identified earlier changes during the act of 
collecting data, then it would be more appropriate to identify the "reproducibility" of the 
data and/or measuring instrument. A case in point is the definition of the time interval 
between measurement data. Whilst this is not explicitly identified [ 173,174], it is clear 
that if (for instance) the environment contains a slow time varying input into the 
measurement results (often the case for wholefield speckle interferometry), then rapid 
data production will not be affected but slow data production will. However, statements 
of reproducibility (which relate to less consistent measurement protocols and 
experimental control) are in this instance less desirable than the quantification of 
instrument repeatability. Consequently, the structured approach of this work has been to 
maintain repeatability conditions in preference to reproducibility conditions. 
Another aspect of the data analysis which should be considered is how to classify the 
error structure of the instrument, and how this may then be interpreted and presented. In 
this work, it is appropriate to treat the instrument as a whole in terms of a Type A 
evaluation of uncertainty [ 157,171,173,175], which is by statistical calculation from a 
series of repeated observations. If a limited number of measurements are completed for a 
data set, then it may be necessary to apply a correction using the appropriate Student t- 
factor. 
These statements of repeatability, reproducibility and error analysis therefore provide a 
foundation from which to process the experimental data, present and analyse the results. 
Consequently the results are considered in two parts, firstly those completed in the 
controlled optical metrology laboratory environment, ad secondly, those completed in the 
industrial environment. 
7.3.3.2 Laboratory Experiments Results 
From the start of the experimentation and use of the SSS, it is necessary to be mindful of 
the systematic and random uncertainties which can at this stage be identified. 
An example of the displacement derivative analysis for the SCP can be seen in Figure 
148, which shows the familiar double peak structure of the first order OOP spatial 
derivative term (Owlax) for a Smm lateral shear experiment. Each data set from the 
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repeatability analysis was treated in an identical manner, with the maximum value taken 
from a sub-matrix which encompassed the positive peak of each plot as shown in Figure 
149. 
The resulting data values were then plotted as shown in Figure 150 (5HC and IOHQ. 
This graph shows variation in values during the course of the sixty experiments (three 
batches of ten for each shear value), which were attributed to a number of error sources 
identified in Section (4.5) such as the uncertainty of the applied load, errors resulting 
from the surrounding environment and movement of other objects and humans, random 
SSS error, and finally post processing errors. The VEB were estimated and represented 
two standard deviations, and were repeated for all subsequent graphs. For comparison, 
Figure 151 shows the corresponding mean displacement derivative data for the SSS with 
VEB plotted on each point with ±2SD which resulted in measurements having 95% 
confidence limit, 
10 
50 0 
Figure 148: 3D graph of the OOP displacement derivative of the SCP, showing the two peaks, the number on the top 
represents the value of the peak within the positive red area 
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Figure 149: Graphical representation of the displacement derivative maps 
for the SCP under (5HC and 5VC) 
As explained in Chapter 3, the lateral shear within the SSS is controlled by a standard 
optical metrology quality tilting miffor mount, with the estimated maximum error of shear 
application being 0.5mm. This will cause an initial setting uncertainty of 0.5xlO-5 for the 
5mm shear sensitivity results, and 0.135x 10-5 for the 10mm shear results before the 
instrument is used. Clearly this would be a systematic error if the instrument was then not 
adjusted for subsequent measurements. However, the issue here is that the mechanism of 
applying the lateral shear has a finite uncertainty associated with it, whilst the lateral 
shear value identified in the processing software is a fixed value which does not recognise 
any mechanical ambiguity. Note that these values are dimensionless due to the nature of 
the first spatial displacement derivative. 
The Mitutoyo micrometer was found under careful use conditions, to have a maximum 
backlash error of 0.5gm, which represents 10% of the displacement applied to the SCP. 
The use of the air damped table caused the experimentation to be insensitive to vibration, 
but mass air movement could interfere with the laser speckle patterns. However, within 
the controlled laboratory conditions, this was deemed to be negligible, based upon visual 
observation of live but static subtraction correlation fringes within the image processing 
system. 
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Finally the PZT element within the SSS was only used through application of positive 
voltage increments, and therefore avoided any hysteresis errors. At this point in time, 
variations of quantitative results as a function of binary mask variations and optical phase 
unwrapper errors have not been quantified. The remit of the work did not provide for a 
total instrument uncertainty analysis. The estimated error terms identified above are 
presented as an indication of error sources, but have not been factored into repeatability 
calculations. 
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A theoretical analysis of the SCP deformation would show that the maximum value 
attributable to a 5prn displacement should be higher than the results displayed in Figure 
150 and Figure 151. This is a function of the restrictions imposed by the collimated 
illumination, which produces a restricted analysis area of 98mm diameter on the SCP. 
However the SCP width is 150mm, consequently, the SSS would only measure a portion 
of the SCP movement, termed the relative deformation, not the absolute deformation (the 
full range of the SCP movement with respect to the plate boundaries). Further 
deformation data may be present in regions of the SCP not illuminated by the SSS. 
In this particular example the zero order fringe position will be in the centre of the 
analysis region, so if the deformation is small then all data will be observed in the 
analysis region and the absolute deformation can be quantified. If the deformation is 
large then plate deformation outside the analysis region may not necessarily be taken into 
account. 
This is an issue in the use of speckle shearing interferometers (or others) when using 
collimated object illumination. Conditioning of the object illumination will avoid 
significant errors as a function of spherical wavefronts [62,63,121] but as identified this 
may cause the SSS to only measure relative deformation, unless the object boundaries are 
within the collimated illuminated area. Consequently, the total deformation of the object 
will not be known, unless one of two approaches is used. Firstly, the optical transducer 
could be sequentially scanned across the object, and the individual results are field 
stitched together. Secondly, real time fringe tracking, spatial optical phase detection 
techniques, or pixel based temporal optical phase unwrapping could be introduced into 
the fringe analysis hardware/software [42,151] Alternatively for situations where there is 
no initial quantified deformation input into the object, a point transducer (LVDT, laser 
displacement probe, capacitance probe etc) could be used as an additional sensing 
element to provide an absolute reference point [155], from which the wholefield data can 
then be referenced. 
Statistical analysis of Figure 150 are detailed in Figure 151 and Table 10 showing the 
mean values, the standard deviations, adjustment with respect to the Student t-factor for 
data sets with ten values, and statements of repeatability with a coverage factor (K) of 2 
(95% confidence limits). The analysis is provided in two forms, firstly on the basis of 
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each separate test (Test I to Test 3), and then on the basis of all three Tests together. All 
data for the two graphs has also been processed, but these have not been adjusted using 
the Student t-factor due to the larger data set sizes. 
Data Mean SD Corrected SD Repeatability 
SHC data - Test I 1.09E-04 1.07E-05 1.24E-05 2.48E-05 
5HC data - Test 2 1.1 9E-04 4. OOE-06 4.64E-06 9.30E-06 
SHC data - Test 3 1.1 7E-04 4.45E-06 5.16E-06 1.03E-05 
5HC all data 1.1 5E-04 8.32E-06 ---- 1.66E-05 
10HC data - Test I 1.02E-04 1.37E-06 1.59E-06 3.18E-06 
IOHC data - Test 2 1.02E-04 1.77E-06 2.05E-06 4.1 OE-06 
10HC data - Test 3 1.03E-04 2.17E-06 2.52E-06 5.04E-06 
10HC all data 1.02E-04 1.82E-06 ---- 3.64E-06 
Table 10: Statistical calculatiolls t'or tlie controlled laboratory cxl)ci, iiiiciitýitioii 
The criticism with the "all data" approach is that three independent sets of data are 
statistically combined which may not strictly adhere to the assumptions imposed for 
repeatability calculation, namely data being obtained in a short period oftinle (note that 
the duration is not specifically identified in PD 6461 [173,174]). The data was obtained 
on three consecutive days, but laboratory and instrument conditions were unaffectcd. 
However, due to the control of the laboratory environment and instrUnient conditions, 
variation as a function of time of data acquisition was negligible (supported by the 
graphical trends of the data sets), and the data was therefore regarded and processed as 
repeatability data. 
Analysis of the statistical data reveals particular issues. Specifically the 5111111 shear data 
shows larger repeatability values (and hence poorer consistency) than the 10111111 data, a 
trend which should be anticipated. This can be attributed to the influence oftlic lateral 
shear error which will cause more variation with the 5rnm shear data. Furthermore, the 
l0mm shear data will produce better contrast correlation fringes [1351, which will 
significantly influence and improve the quality of the data processing during the optical 
phase calculation stages, with a larger signal to noise ratio. However, increasing the 
lateral shear to improve SSS repeatability is not necessarily a valid option, because the 
greater lateral shear, the more that higher order spatial derivatives will be encoded witliin 
the correlation fringe pattern [ 18], which will lead to errors ofdata interpretation. 
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The current analysis of the graphical data does not indicate the accuracy of measurement. 
For this to happen, then the difference between the known input (micrometer 
displacement) and the measurand (interferometer output) should be directly correlated or 
compared [173,174]. However, the SSS produces the first spatial displacement 
derivative as its core data, whilst the known input is displacement from the micrometer. 
The SSS data meshes can be numerically integrated to produce wholefield measurement 
of displacement, but this process will contain numerical approximations and errors, 
(although integration itself tends to reduce general noise terms) and the quality of the 
known input has a significant albeit small error term. 
However, the intention of this stage of the work was not to identify explicit statements of 
instrument accuracy, because this was primarily determined from a detailed uncertainty 
analysis of all error contributions. As discussed earlier, this global research task has not 
yet been completed for any wholefield speckle interferometer. The purpose of this work 
was to identify the quality of the instrument as a whole based on repeatability statistics, 
which were devolved from specific systematic error terms, but will still reflect the 
influence of random error terms. 
7.3.3.3 Industrial Test Facilities Results 
The processing and the development of the industrial test facility results were completed 
in a similar manner to the laboratory results. However, in this case, the experimentation 
parameters and approach were determined by the testing machine and aircraft wheel as 
was mentioned earlier. 
Wholefield first displacement derivatives maps were generated for all test conditions, and 
where appropriate data were numerically integrated to produce specific displacement 
information. Figure 152 shows a 3D OOP spatial derivative map for the term (OW/O'Y) for 
sample of the collected data from the wheel. It should be reminded that repeatability data 
was generated by consistently taking a maximum value from a region of maximum 
displacement derivative, as recorded by the SSS as it is shown in the first map of both 
Figure 153 and Figure 154. It was very important to make sure that the maximum value 
for each displacement derivative map was taken from the same region; in order to avoid 
any misleading analysis. This was achieved by generating a sub-matrix within MATLAB 
algorithm, which consistently overlay the region of peak displacement derivative, and 
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then interrogating the sub-matrix to obtain the maximum displacement value of the 
measured region. It should be mentioned that both Figure 153 and Figure 154 show 
graphical representations of the displacement derivative maps for the repeatability tests 
for both components (dwl&) and (cIw1q'y) for a lateral shear value of 10mm. 
Figure 152: 3D-Displacement derivative mesh of ( AV / C'y ) for the loaded wheel. 
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Figure 153: Graphical representation of the first displacement derivative component (c'w/&) for region between nuts 
(7-8) of the BAel46 wheel under lOHC and 2,000 Is (8.9KN) topping load- 
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Figure 154: Graphics representation of the first displacement derivative component (&/ cýy ) for region between nuts 
(7-8) of the BAel46 wheel under IOVC and 2,000 lbs (8.9KN) toppmg load 
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With the results being tabulated and graphically analysed, repeatability statistics were 
determined through corrected standard deviation calculations. Graphical representation 
of the three displacement derivative maps for each preload case was performed on the 
same figure to enable full comparison of the three test results, this helps to identify issues 
of the reliability of the SSS. Figures (155-156) display the results from the repeatability 
analysis for the cases (5HC, and IOHQ spatial derivative data respectively. Three 
preloads of (10,000,15,000 and 20,000 lbs) (44.5,66.7, and 89KN) were used with an 
incremental load of 2,000 lbs (8.9KN) in each case. However, no significant difference 
was detected as a function of the different preloads. 
These graphs show small variation in values during the course of the fifteen experiments 
(three batches of five for one shear value), which were attributed to a number of error 
sources mentioned earlier in Section (7.3.3.2). The VEB represented two standard 
deviations, and were repeated for all subsequent graphs. 
Statistical analyses of the graphs in Figure 155 are detailed in Figure 156 and Table 11, 
showing the mean values, the standard deviations, adjustment with respect to the Student 
t-factor for data sets with five values, and statements of repeatability with a coverage 
factor (K) of 2 (95% confidence limits). The analysis is provided in two forms, firstly on 
the basis of each separate test (10,000,15,000 and 20,000 lbs) (44.5,66.7, and 89KN), 
and then on the basis of all three tests together. Again, the criticism with the final 
approach is that three independent sets of data are being statistically combined which may 
not strictly adhere to the assumptions imposed for repeatability calculation, namely data 
being obtained under the same loading conditions (different preloads). Therefore, the "All 
Data" statistics could be possibly better described as reproducibility data [173,174], but 
due to no changes of deformation behaviour being observed for different preloads, the 
data was processed in terms of repeatability. Note that in this instance, the "all data" 
analysis has included Student West adjustment due to the size of the combined data set. 
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Figure 155: Repeatability first displacement derivative graphs for the BAe146 wheel for the cases (5HC and I OHC) 
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Figure 156: Mean first displacement derivative values for the graphs in Figure 155 
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Data Mean SD Corrected SD Repeatability 
5HC data - 10,000 lbs 2.15E-05 4.72E-06 6.80E-06 1.36E-05 
5HC data - 15,000 lbs 2.29E-05 4.24E-06 6.11 E-06 1.22E-05 
5HC data - 20,000 lbs 1.58E-05 9.48E-06 1.37E-05 2.37E-05 
5HC all data 2. OOE-05 7.27E-06 8. OOE-06 1.60E-05 
10HC data - 10,000 lbs 3.13E-05 6.40E-06 9.22E-06 1.84E-05 
IOHC data - 16,000 lbs 2.59E-05 1.88E-06 2.71 E-06 5.40E-06 
10HC data - 20,000 lbs 2.88E-05 3.57E-06 5.14E-06 1.03E-05 
IOHC all data 2.87E-05 4.91 E-06 5.40E-06-- 
F 
1.08E-05 
Table II: Statistical calculations Ior the Industrial Facility Tcst 
The test facility data demonstrates that the SSS data with repeatability similar or poorer 
compared to the controlled laboratory conditions. The analysis for the 5rnm data suggests 
that there is not a significant change of instrument repeatability under these conditions of' 
test. For the case of the 10mm shear, the repeatability has deteriorated compared to the 
controlled laboratory conditions. Increasing the lateral shear increases instrument 
sensitivity, and increases fringe contrast (although also increase the influence of higher 
order differential terins). Within the laboratory where the environment was controlled, 
this resulted in better instrument perfon-nance. Within the industrial test ccll where the 
environment is less well controlled, the increased instrument sensitivity makes it more 
prone to noise terrns even though it is a common path interferometcr. 
In both cases (5mm and 10mm lateral shear), it is very difficult to quantity the COmpleX 
influence of the environmental error sources (vibration, temperature, mass air movement, 
etc). These can at best only be estimated. However, their influence on the cxpcrin1cnts 
will be embodied within the statements of repeatability as a Function of' Type A 
uncertainty analysis [ 173,1751. 
Comments concerning relative and absolute deformation measurements (with respect to 
the object boundaries) which have already been discussed with respect to file SCP data 
are still pertinent to the wheel data because of the limited extent of' the collimated 
illumination (98min). The mcasurerncnt of relative as opposed to absolutc data is of' 
concern when using the data for engineering calculation Validation, SLICII aS C0111paring 
results with FE models. In this case careful understanding ofthe experimental data and 
design ofrnodel parameters arc required to ensure appropriate verification. Statcnients of' 
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the SSS accuracy are also difficult to identify from this data, and for the reasons discussed 
with respect to the laboratory experimentation, have not been progressed within the 
context of this work. The input into the wheel is force, resulting in deformation. LVDT 
data has been produced to map surface displacement, which was discussed in Section 
(6.5). 
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7.4 Positive versus Negative Shear Test 
The aim of this test was to study the repeatability effect of the SSS by using collimated 
illumination beam on the BAe146 wheel using the DM under the RSWLT with a fixcd 
preload value of 10,000 lbs (44.5KN) and a topping load of 2,000 lbs (8.9KN). This was 
under constant lateral negative shear values of 5 and I Omm in both directions (horizontal 
and vertical). 
This was to identify if the same deformation was obtained in each load case, and to 
compare deformation values for both cases of shear (Positive v Negative), and at the same 
time to study and compare the results. The negative shear values were taken by slicaring 
the image in opposing direction as illustrated in Figure 157. In thc prcvious tests positive 
shear was identified when shearing the image from left to right on the X axis and from 
bottom to top on the Y axis. For the negative shear, these directions were reversed. 
This series of tests follows the same procedure as described in Section (7.3.2), using the 
same loading conditions and procedure apart from the shear values directions, which were 
taken in negative direction instead of the positive. The test was repeated three 
consecutive times for each shear value of (±5HC, ±lOHC, ±5VC, and ±IOVC). This 
resulted in twenty four sets of data for the entire series of tests. 
B 
Figurc 157 : (A) Illustration of negative slicar valuc, (13) IIIIIStNitiOll 01'POSi(i%C ShCM- VillLIC 
The data were captured, processed, and presented graphically III colourcd displacement 
derivative maps as shown in Figure 158; in order to Physically Identify tile Variations III 
the defon-nations maps between the positive and tile negative shear Values. 
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Figure 158: Graplucal representation of the displacement derivative maps 
for the cases (±5HC, ±IOHC, ±5VC, and ±IOVC) 
The graphical analysis between the positive and the negative shearing results for the 
implemented shearing values were performed on the same page to enable full comparison 
between the two cases. Figures (159 and 160) show the graphical representation for the 
shear values of (±5HC and ±lOHC, ±5VC and ±IOVC) respectively, identifying the data 
points with the estimated EB of 2SD for all cases. It should be noted that the plotted data 
points were selected by creating a sub matrix as previously explained in Chapter 6. 
By studying and analysing the results in Figures (159 and 160), it was found (as expected) 
that deformation values for the positive shear values were positive, and for the negative 
shear values were negative in all shearing cases. This led to the conclusion that if the 
shear value is positive then the deformation values are positive as well and vice versa. 
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Figure 159: Positive v Negative Shearing Test (±5HC and ±lOHC) Displacement derivative for the BAel46 wheel 
using the DM underlO, 000 lbs (44.5KN) preload and 2000 lbs (8.9KN) topping load 
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Figure 160: Positive v Negative Shearing Test (±5VC and ±lOVC) Displaceinent derivative for the BAel46 wheel 
using the DM under 10,000 lbs (44.5KN) preload and 2000 lbs (8.9KN) topping load 
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The ideal graph shape for each set of test should again be a straight horizontal line, but 
due to the disturbances from the sources identified previously, they were not straight in 
some cases. They were symmetrical to each other in cases such as the ±lOHC and the 
±IOVC as illustrated. This suggested that changing the shear direction or sign resulted in 
the generation of the same deformation value but in different direction or sign, which 
coincides with the shear sign. However, although the graphical data appear to be 
completely symmetrical to each other, there were small variation in the values of the 
symmetrical points this was illustrated and detailed in Figure 161 , Table 12, and Table 
13. Ideally the values of the points should be the same of each other with the only 
variation in the sign, but again due to error sources identified previously there were some 
variations in the values. 
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9+5VC, VEB--4.57e, 5 0-5VC, VEB=2.23e-5 §+IOVC, VEB=3.88e-5 -IOVC, VEB=3.359-5 
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Figure 161: Positive v Negative Shearing Test; Mean displacement derivative for the BAel46 wheel 
using the DM underl 0,000 lbs (44.5)(N) preload and 2000 lbs (8.9KN) topping load 
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(+5HC) (-5HC ) (+5vc (-SVC) 
5.25E-05 -1.76E-05 1.28E-04 -6.91 E-05 
4.00E-05 -2.45E-05 1.1 3E-04 -7.10E-05 
5.42E-05 -1.95E-05 1.03E-04 -6.76E-05 
Tab Ic1 2ý D I,, pI aceinuit ý it I ucs ot'syllillictrica I poi I Its 1,01. p ositi% c all dII cgilti%c sII Cýir dI [-cc( IoII,,,, 
Figure 160 
(+10HC) (-10HC) (+IOVC) (-IOVC) 
2.90E-05 -2.32E-05 9.34E-05 -9.15E-05 
2.10E-nrl 05 -1.78E-05 7.78E-05 -7.74E-05 
1.51 E-05 -1.23E-05 7.95E-05 -8.82E-05 
Tab Ic 13: Disp I accinctit výi I ucs of'symnictrica I points for positkc and negativc slicar dircctions 
However it should be noted that the graphs of ±5HC and ±5VC showed more variations 
in tenris of the symmetry between the positive and the negative deformation values, as 
there were larger variations between the values of the symmetrical points as illustrated in 
Figure 161 and identified in Table 12 and Table 13. This suggested that the shear values 
±5HC and ±5VC generated less symmetric graphs in comparison with the values of 
±IOHC and ±IOVC. This led to the conclusion that the larger shear values the more 
symmetry graphs and potentially to the production of more consistent data. 
7.5 Conclusions 
The purpose of this part of the research has been to identify the repeatability of' flic SSS 
with respect to international standards for metrology instrumentation vcritication. The 
laboratory based experimentation provided an experimental cstiniatc of the best 
achievable repeatability of the SSS based on the Michelson optics, with the stated camera, 
laser, image processing software/hardware and optical components. The industrial test 
conditions used the same instrurnentation but did not provide the same level of control 
over the environment, and provide an example ofthe potential pertbrinalICC LIIIdCI- 11011- 
ideal conditions. 
The instrument repeatability under ideal laboratory conditions has been identified t'or two 
lateral shear settings (5HC and IOHC), leading to dimensionless first order displacement 
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derivative values of (1.66xlO-5) down to (3.64A 0-6) (Table 10) respectively, with a 
coverage factor (K) of 2 (95% confidence limits). The repeatability is seen to consistently 
improve with the increased lateral shear, this being caused by increased correlation fringe 
contrast or visibility, and better instrument sensitivity and resolution. 
The instrument repeatability under industrial test conditions (less controlled condition 
environment), produced dimensionless first order displacement derivative values of 
(1.60xl 0-5 ) and (1.08XIO-5) for the two shear values respectively, again with a coverage 
factor (K) of 2. During this series of analyses, using a larger shear value improved the 
SSS repeatability (1.08xlO-5), but not to the same extent as seen for the laboratory based 
work. It is suggested that this will have been caused by the environmental influences of 
the industrial test facilities, as well as error terms associated with the wheel testing 
equipment. It is also anticipated that changes to SSS design, test cell equipment or 
environment would cause the SSS repeatability to change. 
The overriding proviso with this work is that it demonstrates that the SSS (speckle 
shearing interferometer) can be treated as an engineering measurement tool with respect 
to the international interpretation of metrology quality, although it must be recognised 
that following this standards based process does not add any further capability or 
functionality to the SSS. The identified repeatability values provide an initial benchmark 
for SSS performance, specifically for data produced from the laboratory based research. 
The results from the less well controlled industrial environment and test equipment 
provide an indication of capability rather than a definitive bench mark, but this itself is an 
important step forward. However, at the same time, this work does not identify the 
accuracy of the SSS because measurements were not completed with a suitable reference 
artefact traceable to the primary standard and an explicit understanding and quantification 
of all systematic and random error sources has not been completed for this or any of the 
principle optical wholefield speckle based techniques. 
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8 Conclusions and Future Work 
8.1 Conclusions 
T he research represented in this thesis has been successfully completed to 
meet the aims and objectives identified in Chapter 1. These can be 
summarised as: 
e Development of a novel robust optical sensor system for routine industrial use. 
Implement new interferometer design ideas. 
Demonstrate the novel and routine implementation for large scale structural 
loading/testing. 
Identification of high deformation concentration areas on wheel structures. 
Provide routine quantitative data to the company. 
Develop the novel understanding of error propagation, resolution and repeatability 
of the interferometer design. 
Complete technology transfer of equipment and knowledge into the company. 
These objectives are briefly reviewed in this conclusion chapter, highlighting key issues, 
achievements, and results, and identifying the novel contributions to the field of industrial 
optical metrology. 
8.1.1 Development of a Novel Optical Shearographic Sensor System 
'Me SSS is based on wholefield Electronic Speckle Patterns Shearing Interferometry 
(ESPSI), using the Michelson interferometer as a shearing device. The optical design of 
the SSS uniquely uses collimated object illumination, and is designed to allow straight 
forward adjustment of the illumination vectors. The use of collimated illumination 
reduces significantly error terms as a function of a curved illumination wavefront and 
improves the accuracy and integrity of the quantitative data. 
Image processing and ffinge processing algorithms have been implemented in 
commercial visually oriented image processing software (WiT v7.1) supported by 
numerical computation in MATLAB. No attempt has been made to migrate the code into 
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C++ or any other programming language and generate executable code. Whilst these 
would be desirable from a computational view-point, this commercialisation of the SSS 
was not within the remit of the research, and was more appropriate to the project 
exploitation route. Unwrapping software was commercial and implemented by 
PhaseVision Ltd., based on "branch cut" techniques. 
The SSS has been designed to produce quantitative displacement maps for the OOP 
component (o'w1c'x), or a combination of the OOP, and IP components (c'wlax) and 
(clulax) together, or the components (aulcy and &Icy) depending on the lateral shear 
direction. The OOP displacement component can be further manipulated either by 
integration to produce displacement map for the studied area, or by differentiating for the 
second time to produce the map of the flexural strain component (O'W'Iax' ). It should be 
noted that obtaining the component (&lax) on its own requires changing the optical 
arrangement of the SSS. However, for the purpose of this research and due to the wheel 
manufacturers requirements, calculation of the OOP displacement components (ONVIax) 
and (o'w1q'y) was completed during the work in this thesis. 
In order to improve the quality of the SSS data and reduce the influence of error sources, 
the Pulsed Shearographic Sensor System (PSSS) was developed towards the end of the 
work. The PSSS helps to reduce the recording of noisy data caused by the previously 
mentioned factors, by synchronising the camera frame acquisition time with the short 
duration of the pulsed illumination time. The short pulse duration compared to the much 
longer CCD TV camera frame duration allows the PSSS to effectively ignore larger term 
environmental disturbances. Whilst this new instrument was demonstrated in the 
laboratory, due to time constraints, systematic application at DABS was not completed. 
8.1.2 Routine Implementation for Industrial Large Scale Structural 
Testing 
The SSS was developed in the laboratories at LU, with proof of principle experimentation 
completed on several test objects, the primary one being the SCP, with controlled 
micrometer applied loading. 
From the early stages of the project, initial equipment trials were completed at DABS to 
determine specific instrument requirements for the company. Key issues were design of 
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the instrument structure to be compatible with the geometry of the testing machines, 
allowing appropriate viewing of regions of interest on the wheels. Incremental 
development was rapid with several prototype layouts tested, before the final SSS design 
was implemented approximately eighteen months into the project. The SSS was applied 
routinely in DABS, amounting to approximately two days a week for the remainder of the 
project. Testing on large structural loading machines was split between the FRTM, and 
the DM. 
A general scan test on the BAel46 and the Boeing757 wheels was completed using the 
FRTM by inflation/deflation pressure loading on the wheels, to identify wheel 
deformation due to the inflation\deflation pressure. More detailed work was completed on 
specific wheel nut regions, which showed higher fringe concentrations; hence more 
deformation. It was discovered that the wheel nuts were suffering from non-constant 
wheel nut torque. This finding about the wheel nut torque setting was unique for the 
aircraft manufacturers, as no such information was available before. The SSS generated 
valid engineering data from both wheels, although the BAe146 wheel produced better 
quality data due to its design features and structural stiffness. The work demonstrated 
that the FRTM was not ideal for static load testing when using the SSS although 
significant results were produced on the FRTM. This resulted in moving the tests to the 
DM. 
The main purpose of the tests on the DM was to demonstrate the capability of the SSS to 
measure wholefield wheel deformation whilst under large structural load. The RSWLT on 
the Boeing757 wheel gave very poor data quality, as was identified in the test on the 
FRTM, hence the majority of the experimentations were completed using the BAel46 
wheel. This showed a significant improvement in data quality, with better fringe 
resolution and contrast, and less noise terms due the features of the wheel design and 
structure. This was achieved by measuring the displacement derivative of the wheel 
whilst applying a variety of preloads and subsequent incremental loads, simultaneously 
generating correlating data with a LVDT system. 
A series of basic tests were completed on the DM using the BAel46 wheel under the 
RSWLT, such as the load increment test, which aimed to identify and investigate the 
deformation profile of the wheel under a fixed preload and a topping load. It was found 
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that the BAel46 wheel deformed consistently with a variety of preload values to lock the 
(wheel-machine) movement. A series of topping loads were applied on the top of the 
preload in order generate deformation within the wheel. The resultant OOP displacement 
derivative was measured by the SSS. In the Y direction the wheel exhibited larger partial 
displacement derivative (&Ioy) compared to the X direction (&lax). Primary data 
collection therefore concentrated on the OOP (&1q'y) partial derivative component. 
A combination of the two integrated displacement components (Wx) and (Wy) were 
created in order to observe the entire wheel deformation occurring under the RSWLT. 
The results were presented graphically to show the entire wheel displacement profile and 
values generated from applying 15,000 lbs (66.7KN) preload and 2,500 lbs (11. IKN) 
topping load. The overall displacement profile (W) tended to agree with the profile of 
(Wy), because it was significantly the larger component compared to (Wx). 
This was supported with further LVDT tests to measure the absolute displacement 
resultant from applying identical loading conditions on the BAel46 wheel for 
comparison, validation, and calibration of the SSS data. It was found that the SSS 
measured surface displacement components in the range of (0 to 15ýtm), which tended to 
agree with point wise data collected using the LVDT system. Both the SSS and the 
LVDT results tended to have the same displacement profile, although variations between 
the graphs were found due to various ekperimental uncertainties. 
8.1.3 Repeatability Experimentations 
Throughout the course of the research programme, the literature survey identified and 
referenced the fact that very little research had ever been completed on the quality of 
electronic speckle patterns shearing interferometry and data. Many publications exist 
which describe different optical designs, and data processing routes, although the vast 
majority only provide experimental examples using square or round clamped plates in the 
laboratory. Application reports exist but are limited on nature and scope, and very few 
publications exist concerning error analysis and quality. 
One of the main novel elements of the research was to develop an understanding of the 
quality of data. This was achieved by considering the repeatability characteristics of the 
SSS. Statements of accuracy were not produced because these would have required a 
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calibrated artefact traceable to primary standards (the metre), and such artefact do not 
currently exist, although designs have very recently been proposed. 
A series of repeatability and reliability tests for both collimated and non-collimated laser 
illumination were completed in the laboratory to identify if the same deformation was 
obtained for each displacement case for the same applied displacement value. As a result 
it was found that issues such as machine vibration and mass air movement disturbed the 
data and caused variations within the measurement values, The collimated laser 
illumination measured relative deformation, while the non-collimated case measured 
absolute deformation, because the collimated laser illumination covered only a portion of 
the SCP, while in the non-collimated case it covered the whole area of the SCP. By 
analysing the results graphically and statistically, it was found that the SSS achieved the 
highest repeatability values under 10mm lateral shear and collimated laser illumination. 
This led to the conclusions that the SSS achieves better measurement results under 
collimated laser illumination. 
However using non-collimated laser illumination has the advantage of measuring 
deformations over a larger area but the results are less accurate and contain more errors 
and variations. This is in addition to another series of repeatability and reliability tests to 
investigate the repeatability issues of the SSS in the industrial environment were 
completed on the FRTM, comparing the results with those taken using the LVDT 
systems. These showed a good correlation between the two measurement results. 
Variations in the repeatability and reliability graphs were found and it was suggested that 
that these variations were due a number of potential causes. These have been identified as 
mass air movement (blower heating system), people movement in the Test House, 
machine vibrations in the next-door test unit, all occurring either sequentially or 
simultaneously whilst the experimentation was carried out. Repeatability on the FRTM 
was identified as being (1.37 x 10-5 ) for the case of 5HC, and (1.77 x 10-') for the case of 
5VC (Table 8). 
A series of repeatability tests were performed on the DM in order to identify the 
repcatability/reproducibility issues of the SSS in this context. This was achieved through 
an extensive series of repetitive loading experiments, by applying one preload and then 
repeatedly loading and unloading with small incremental loads. The laboratory based 
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experimentation provided an experimental estimate of the best achievable repeatability of 
the SSS, with the stated camera, laser, image processing software/hardware and optical 
components. The industrial test conditions used the same instrumentation but did not 
provide the same level of control over the envirom-nent, and provide an example of the 
potential performance under non-ideal conditions. 
The SSS repeatability under industrial test conditions (less controlled environment), 
produced dimensionless first order derivative values of (1.60xlO-') for 5HC and 
(1.08x 10-5) for lOHC (Table 11), again with a coverage factor (K) of 2. During this 
series of analyses, using a larger shear value improved the instrument repeatability 
(1.08xlO-'), but not to the same extent as seen for the laboratory-based work 
(5.95 X 10-8), (Table 5). This suggested that the cause was a function of the environmental 
influences of the industrial test facilities, as well as error terms associated with the wheel 
testing equipment. It is also anticipated that changes to instrument design, test cell 
equipment or environment would cause the instrument repeatability to change. 
To demonstrate the improvement in the data quality of the PSSS; further repeatability and 
reliability tests were completed in the laboratory and on the SCP to compare the results 
with those produced by the SSS. It was found that the PSSS measurements were relatively 
of better quality and had higher repeatability range of (3.08 x 10-') for the case of I OHC, 
and (1.19 x 10') for the I OVC case in comparison to the SSS results, (Table 7). 
The overriding proviso with this novel work is that it demonstrates that the SSS can be 
treated as an engineering metrology tool with respect to the international interpretation of 
metrology quality. However it must be recognised that following this standards-based 
process does not add any further capability or functionality to the SSS. The identified 
repeatability values provide an initial benchmark for instrument perforinance, specifically 
for data produced from the laboratory based research. The results from the less well 
controlled industrial environment and test equipment provided an indication of capability 
rather than a definitive benchmark, but this itself is an important step forward. However, 
at the same time, this work does not identify the accuracy of the SSS because 
measurements were not completed with a suitable reference artefact traceable to the 
primary standard. Furthermore an explicit understanding and quantification of all 
228 
CHAPTER 8 
systematic and random error sources has not been completed for this or any of the 
principal optical wholefield speckle-based techniques. 
8.1.4 Exploitation and Dissemination 
Exploitation of the SSS and results has been completed at both sponsored companies. 
DABS were provided with large amounts of numerical data from the Boeing757 and the 
BAel42 wheels, in partial derivative and displacement format, ready for FE model 
validation. LOE Ltd was supplied with design schematics of the SSS and processing 
routines, and has subsequently developed and marketed their own commercial analysis 
systems. 
The value of this work has (and still is) being disseminated via a variety of media. 
Conference presentations and seminars have been completed resulting in proceedings 
publications. Journal papers have been published and are also currently in review. 
Further dissemination has occurred via the DTI/LINK scheme in terms of DTI awareness 
days and networks. 
8.1.4.1 Research Dissemination 
This research has been the subject of dissemination via journal and conference papers. 
These are detailed as follows: 
1. Ibrahim J S, Petzing JN 
"Identifying Issues of Repeatability in Speckle Shearing Interferometers 
In Review - Journal of Modem Optics, 2006 
2. Tyrer J R, Petzing J N, Ibrahim J S, Jones J& Lobo L 
"Residual Lifetime Prediction in Aerospace Structures Using "olefteld Laser 
Strain Techniques " 
INSIGHT, 47(2), 74 - 78, February 2005 
3. Jaycock P D, Lobo L, Ibrahim J, Tyrer J, & Marshall J 
"Interferometric Technique to Measure Biomechanical Changes in the Cornea 
Induced by Refractive Surgery " 
Journal of Cataract and Refractive Surgery, Vol 31, Issue 1, p 175-184, January 
2005 
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4. Ibrahim J S, Petzing JN& Tyrer JR 
"Deformation Analysis of Aircraft "eels Using Speckle Shearing 
Interferometry " 
Proceedings of the Institution of Mechanical Engineers - Part G; Journal of 
Aerospace Engineering, 218,287-295,2004 
5. Jones J, Lobo L, Ibrahim J, Petzing J, & Tyrer J 
"Direct 3D Nolefield Strain Mapping to Determine Structural Integrity and 
Residual Life " 
INSIGHT, 46(4), 219-222, April 2004 
6. Ibrahim J S, Petzing J N, & Tyrcr JR 
"Simultaneous In Plane and Out Of Plane Strain by a Novel Dual Head Shearing 
System " 
UK Forum for Engineering Structural Integrity conference. Manchester 21" 
October 2004 
7. Ibrahim J S, Petzing J N, & Tyrer JR 
"Aircraft NeellTyre Examination Using Optical Strain Gauge Testing" 
Sensors for Aircraft Systems, Institute of Physics, London, 14'h May 2003 
8. Ibrahim J S, Petzing JN& Tyrer JR 
"Aircraft TyrelNeel Examination Using Optical Strain Gauge Testing" 
House of Commons poster presentation conference, London, December 2002 
9. Ibrahim J S, Petzing JN& Tyrer JR 
"Aircraft Keel Structural Integrity Analysis Using Speckle Shearing 
Interferometry " 
Proceedings of Photon '02 - Applied Optics and Optoelectronics Conference, Yd 
September 2002, Cardiff, UK, FSG. 6.6, pp80-8 1, ISBN 0-7503-0916-4. 
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10. Ibrahim J S, Petzing J N, & Tyrer JR 
"Structural Integrity Assessment ofAircraft Neels Using Shearography 
Proceedings of the BSSM International Conference on Advances in Experimental 
Mechanics, 27h August 2002, Stratford-upon-Avon, UK, pp93-96, ISBN 0- 
94825605-2. 
11. Ibrahim J S, Petzing J N, & Tyrer JR 
"Aircraft Tyrelneel Examination Using Optical Strain Testing (AIRTEST) 
Conference on Sensor Innovation and Technology Transfer, Department of Trade 
& Industry, London, January 2002 
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8.2 Future Work 
It is clear that any piece of work leaves many open issues and lines of future research, 
including this thesis. It is important to ask whether the ground that has been built, is solid 
enough so as to continue constructing from it. In this sense I strongly believe that I have 
accomplished my goals and objectives in this research and I hope that I have contributed 
to the advance of not only present but also future research in this field. 
The improvements in data quality described in this thesis have been specifically applied 
to the SSS results from both the SCP and aircraft's wheels. However, there are many 
other applications and further improvements that could be made. The initial experiments 
on the PSSS would enhance the investigation of data quality using this instrument in 
industrial environment. Furthermore a new design of sensor system would help to enable 
the direct measurement of IF displacement derivative component (stress/strain), which 
would be very advantageous for various industrial sectors. Potential opportunities and 
future work following on from this thesis are identified as follows: 
Further understanding of experimental conditions in the industrial workplace to 
improve data quality. 
Exploitation of the SSS applications to other industrial sectors. 
9 New designs of SSS to measure wholefield strain components directly. 
" Transferring the PSSS to the industrial environment to investigate the 
improvement in the data quality. 
" Generate measurement displacement derivative data for design validation using 
the PSSS. 
" Develop a repeatability statement for the PSSS both in the laboratory and in the 
industrial environment, also for comparison with the SSS. 
" Develop a novel understanding of error propagation and traceable accuracy 
statements for all versions of speckle shearing interferometry. 
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D: \PhD\SCP results\SCP-HC. m Page 1 
21 August 2006 12: 59: 51 
% SSS-Data Processing Routine for the SCP under HC conditions 
t Jamal Ibrahim 
v 01/06/2001 
%* ***** *** ** ** ** * ** ** ** ** ** ** ** ** *** * ** * ** ***** *** ** *** *** *** ** ** * ** 
kRead in wrapped Phase Map 
wph = imread(ID: \PhD\SCP results\Ch4_illustration figures\HC\w. jpgl, ljpgl); 
wph = pvý_convý_wph, _uint8 - 
to 
- 
dbl(wph); 
msk = imread(ID: \PhD\SCP results\Ch4_illustration figures\HC\m. bmpl, lbmpl); 
msk = double(msk); 
VNegate mask 
negmsk = double ((msk==O)) 
tUnwrapping variables 
%searching radius (pixle) 
radius = 30; 
VSearching limit (pixle) 
limit = 20; 
VLaser wavelength (m) 
Wave = 532e-9; 
%Shearing Interf erometer Shear value (m) 
shear = 0.005; 
1%Unwrap the optical phase map 
ýUph = pv. _spua2 
(wph, radius, limit, -negmsk, 'verbose,, 'on', 'assign', 'min'); 
tPlotting the unwrapped optical phase into figure(l) 
figure (1) ; 
imagesc (uph) 
colormap(gray); 
colorbar; 
axis image; 
title(, Unwrapped Optical Phase Map') 
xlabel(Ilmage Width (pixel)') 
ylabel('Image Height (pixel)') 
%Sub-sampling input data matrix every 02 units 
DDl = UPh(1: 10: 450,1: 10: 440); 
Msk2 = msk(1: 10: 450,1: 10: 440); 
%Clculating the deformation 
DD2 (DD1*wave)/(4*pi*shear); 
DD3 DD2; 
WSpecifying the zero value of the derivative phase map in the middle of the graph 
maxDD3 -max(max(DD3)); 
minDD3 =min(min(DD3)); 
zeroorder = (maxDD3 + minDD3)/2; 
DD4 = DD3-zeroorder; 
%reversing values due to reversed image shear 
%DD4 = DD4. *(-l); 
D: \PhD\SCP results\ SCP_HC. m Page 2 
21 August 2006 12: 59: 51 
V Set all masked pixels to zero 
DD4 = (msk2-=O) . *DD4; 
VPlot slope data to the screen in 2D 
f igure (2) ; 
surf ace (DD4) 
shading interp; 
MaxDD4 =max (max (DD4) 
[maxDD4col mmyl=max(DD4); 
[maxDD4 mmxl=max(maxDD4col); mmy=mmy(mmx); 
maxDD4 str=sprintf te maxDD4) 
disp, (maxDD4str) ; 
text (mmx+l, mmy-3, maxDD4, maxDD4str) 
f igure (2) ; hold on; plot3 (mmx, mmy, maxDD4, X I) hold of f 
colorbar (I vert I) 
axis image; 
view (0, -90); 
Wtitle PDERIVATIVE DISPLACEMENT MAP'); 
grid on; 
xlabel(Imm') 
Ylabel (I mm I) 
Integrating the def ormation in Y direction axis. Note that cumsum (X, 1) is vertical and v 
cumsum(X, 2)is in horizental direction 
DI1= cumsum(DD4,2); 
WCompensating for the integration 
DI = DI1. *(1*10^-3); 
tSpecial function to produce zero's at base level 
i= find(DI < 0); 
DIM = 0; 
t1 
jalculated displacement data to screen %Plot 
P ot ing the integrated data into screen 
figure(3); 
surf(DI); 
shading interp; 
maxDI=max(max(DI)); 
[maxDIcol mmyl=max(DI); 
[maxDI mmx]=max(maxDIcol); mmy=mmy(mmx); 
maxDIstr=sprintf(, %e', maxDI); 
disp(maxDIstr); 
text(mmx-5, mmy-0.5, maxDI, maxDIstr); 
figure(3); hold on; plot3(mmx, mmy, maxDI, 'X'); hold off; 
colorbar(lvert'); 
grid on; 
view(o, -90); 
axis square; 
ý xlabel(Imm') 
I ylabel(Imm') 
*Write data files to disk 
imwrite(mat2gray(uph), 'D: \PhD\SCP results\Ch4 illustration figures\HC\u. jpgl, ljpg');, 
). saveas(figure (2), 'D: \PhD\SCP results\Ch4-illustration figures\HC\def. jpgl, 'jPg 
9' 
' 
saveas(figure (3), 'D: \PhD\SCP results\Ch4 
- 
illustration figures\HC\dis2. jpgl, 'jP 
dlmwrite (I D : \PhD\ SCP rF-mi I t- --\ ri, A411, __ p. , _k -3-m --I -. -, r%A -1 
\t ' le 
). 
- 
ýD: \PhD\SCP results\SCP-HC. m Page 3 
j2l August 2006 12: 59: 51 
dlmwrite(ID: \PhD\SCP results\Ch4_illustration figures\Hc\dis. xls,, DI, I\tl)ie 
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Holbrook Lane, Covenby CV6 4A4, England 
Telephone: (0203) 666655. Telex: 3167Z Facsimile: 662294. Direct Line: (0203) 
INSTRUMENTATION FOR THE DENISON MACHINE 
Various functions are now b6ing used on the Denison machine and there. is 
an obvious need to provide an instrumentation system' which will cAer for 
I the various requirements when testing wheels to give minimum disturbance 
to the test engineer. 
The KM6 rack system satisfies these requirements in that all functions are 
calibrated and monitored using the panel meters provided by choosing the 
appropriate channel from the selector switch. 
The left hand panel meter responds to channels 1 to 6. 
The right hand panel meter responds to channels 7 to 10. 
A maximum of 10 channels can be monitored from transducers connected to 
the back of the rack using four core screened cablq. On no account should 
the 'D' plugs at the back of the KMS rack be disturbed since each 
transducer is dedicated to a specific amplifier. 
SETTING UP PROCEDURE OF L. V. D. T. USING THE D5/--- SERIES 
NB. In order to maintain calibration tolerance of less than 1% it is 
necessary to use the same armature that was issued with the L. V. D. T. 
Check all transducers being used are within the calibration date. ' 
Switch 
on power, to the rack and connect L. V. D. T. 1-into the. 'D' socket, On the 
Denison machine. 
NB. EACH L. V. D. T. HAS A NUMBER ON THE 'D' PLUG WHICH CORRESPOND TO THEIR 
RESPECTIVE 'D' SOCKETS ONTHE DENISON MACHINE. 
e. g. L. V. D. T. 1 should connect tý socket 1 which is calibrated to 
amplifier 1 on the KM6 rack and can be monitored on channel I by the panel 
meter. 
Channels 1 to 4 on the panel meter are calibrated in thousandths -of an 
incfi... - 
Set the switch on the amplifier to the 'n' position and move the armature 
until zero is obtained on the panel meter. This is the mechanical null of 
the L. V. D. T. and the travel, assuming a D5/200 is used, is now A 260 thou 
about this position. Note: the polaritY Vhen the armature is moved either 
side of zero. 
i. e. positive going towards the body of the L. V. D. T. and negative going 
away from the body of the L. V. D. T. 
-2- 
The L. V. D. T. can now be positioned on the wheel to give as maximum a 
deflection as possible taking into account the range of the L. V. D. T. 
e. g. Using a D5/200 L. V. D. T. 
If the meter reads 150 then the expected travel of the armature is 50*thou 
towards the body of the L. V. D. T. and 350 thou away from the body of the 
L. V. D. T. 
The meter can now be adjusted to give zero output as a reference by 
setting the switch to the 'z' position and adjusting the zero 
potentiometer on the front panel of the amplifier. 
The armature travel of the L. V. D. T. is hence indicated as: 
+ 50 thou (towards the body of the L. V. D. T) 
- 350 thou (away from the body of the L. V. D. T. ) 
Slip gauges may be used as a reference to the calibration of the L. V. D. T. 
If in doubt please contact Instrumentation Department. 
L. V. D. T. 's 2,3 and 4 can now be positioned'on the wheel in the same way 
as, for L. V. D. T 1. 
RECALIBRATION 
As L. V. D. T. 's are dedicated to their respective amplifiers, it follows 
. that any 
L. V. D. T. '. issued by Instrumentation in the future will have to be 
calibrated to a particular amplifier. 
PLATTEN MOVEMENT 
Channel 5 on the KM6 rack will be used for platten movement and will be 
incorporated into the system at a later date. 
BOFOR LOAD CELLS A- 
Channel 6 and 7 on the panel meter refers to the BOFOR load cells A and B 
respectively and are calibrated in pounds. The load cells are calibrated 
to a load of 19,999 Lbs. 
SIDE LOAD 
Channel 8 on the panel meter refers to a side load on the wheel and is 
calibrated to a maximum load of 17,000 Lbs. 
I 
-3- 
I 
CALIBRATION CHECK ON LOAD CELLS 
ZERO ADJUST 
Before starting any test make sure the appropriate panel meter is adjusted 
to zero using the zero adjust potentiometer on the front panel of the 
amplifier. 
A calibration switch has been provided on the power supply module. This 
gives a check on the load cell outputs only and should not vary by more 
than 1% of the original calibration. 
If in doubt about any information on the operation of the machine please 
notify Instrumentation. 
p 
INSTRUMENTATION DEPARTMENT 
I: PUArXdCJFV A4VXd43rXOJV 
Holbrook Lane, Coventryý CV6 4AA, England 
Tel: +44 (0) 24 7666 6655 
Fax: +44 (0) 24 7666 2294 
www. duntop-aviation. co. uk 
No : TF 3520/002/005 
7 January 2002 
Paqe: I of I 
W"IZ[EI zc 13 Fe d2b K F= 
C3F= 
SYSTEM No : 106 
Denison Radial Load'- 
Ref Ref Output 
Load L/Cell L/Cell 
lbf mv mv 
Output ERROR ERROR 
Loadcell %% 
Lbf RDG FSR 
0 0.0000 0.0000 0.0000 0.00 0.00 
5000 0. E3380 0.8470 5052 1.04 0.05 
10000 1.6750 1.6790 10023 0.23 0.02 
15000 2.5130 2.51E30 15030 0.20 0.03 
20000 3.3500 3.3510 20002 0.01 0.00 
30000 5.0240 5.0500 30153 
10.51 
0.15 
40000 6.6980 6.7020 40018 0.04 0.02 
50000 E3.3690 e. 3410 49e33 -0.33 -0.17 
60000 10.0370 10.0210 59904 -0.16 -0.10 
70000 11.7030 11.6770 69e43 -0.22 -0.16 
eoooo - 13.3670 13.3leo 79706 -0.37 -0.29 
90000 15.0370 14.9e50 e9683 -0.35 -0.32 
100000 16.6cw 16.6670 ggeoe -0.19 -0.19 
REQUIRED ACCURACY : 0.5% Full Scale 
1-Loadcell 0-640KN Sn 2204 
2. THURLBY DMM TYPE 1905A Sn F10567 DMM 030 
3. Radial Load applied and L/cell mv taken 
REFERENCE STANDARDS 
Ambient Teinperature 16 Deg. C Relative Humidity 4E3 %RH 
Vs 10 
I %., 
REMARKS Output Lbf calculated-irom L/Cell output mV 
I 
CALIBRATED BY: 
f/ 
-. - 9&"3, L) 
